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ABSTRACT 
DEVELOPMENT OF GENOMIC RESOURCES FOR THE EVALUATION OF RED 
SNAPPER, AN EMERGING SPECIES CANDIDATE FOR MARINE 
AQUACULTURE AND STOCK ENHANCEMENT 
by Adrienne Elise Norrell 
August 2016 
The northern red snapper (Lutjanus campechanus) is a highly targeted reef fish 
candidate for marine aquaculture and stock enhancement in the southern United States. 
This work aimed to develop genomic resources for the genetic management of 
aquaculture programs and to investigate population structure using high-throughput 
sequencing technologies. Eighty-four new microsatellite markers were developed through 
screening of Illumina paired-end sequencing reads. Microsatellite loci and Single 
Nucleotide Polymorphisms (SNPs) generated through Restriction Site Associated DNA 
(RAD) sequencing were assayed in 5 outbred full-sib families to construct a high-density 
linkage map of the red snapper genome. The map consists of 7,964 markers distributed 
across 24 linkage groups and was used to anchor genome contigs obtained during 
assembly of P-454 and Illumina sequencing reads. Genetic variation among four 
geographic populations of northern red snapper and one population of southern red 
snapper (Lutjanus purpureus) was studied using 6,890 SNPs generated by RAD 
sequencing. Northern and southern red snapper diverged significantly (average FST 
estimate 0.188) and Bayesian clustering suggested a complete lack of current gene flow 
between the two taxa. These results, coupled with the finding of divergent selection 
impacting several genomic regions during sliding window analysis, suggest that northern 
 iii 
and southern red snapper should, at minimum, be managed as distinct population 
segments. Little evidence of population subdivision was found among northern red 
snapper populations, consistent with previous genetic studies. Further work is needed to 
improve the draft reference genome and estimate dispersal parameters in order to design 
management units for U.S. populations.  
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CHAPTER I – INTRODUCTION 
The growing pressures experienced by wild fisheries have increased the need for 
an alternative source of seafood. The burgeoning field of aquaculture is working towards 
meeting this demand. Since the 1970s, the consumption of farmed fish has increased by 
an average 6.6% each year (Nierenberg and Spoden, 2012). In order to match current 
consumption rates, it is expected that aquaculture will be responsible for 60% of global 
fish production by 2020 (Nierenberg and Spoden, 2012). Though much of the aquaculture 
industry is dominated by freshwater species, several marine species have been 
successfully reared in captivity (Benetti et al., 2015) and new species that have a high 
market value and a large demand are being evaluated to determine their potential for 
commercial production. The culture of many marine fishes is very challenging, 
particularly during the hatchery phase. Most species candidate for aquaculture have very 
small larvae and require advanced technologies including the production of multiple 
types of live feeds. These technologies were only developed during the past few decades; 
thus the marine aquaculture industry is still very young. While efforts to develop marine 
aquaculture tend to focus on supplementing the seafood market, another valuable 
application is in the use of cultured fish to enhance fisheries stocks. 
Stock enhancement involves releasing “cultured juveniles into wild population(s) 
to augment the natural supply of juveniles and optimize harvests by overcoming 
recruitment limitation,” (Bell et al., 2008). Recruitment limitation can occur, for example, 
when the pelagic larvae of marine species do not fulfill the carrying capacity of the 
available habitat for juveniles due to high larval mortality rates or oceanic currents 
directing larval pulses away from those habitats (Doherty and Fowlert, 1994). Marine 
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stock enhancement was first applied in the latter part of the 19th century to restore 
faltering cod, haddock, pollock, winter flounder and Atlantic mackerel fisheries 
(Blankenship and Leber, 1995). However, because the technologies required for hatchery 
production and tagging of fingerling size fish were not available, these attempts consisted 
primarily of yolk-sac larvae that were unlikely to survive the transition from the hatchery 
to the wild environment (Blankenship and Leber, 1995). As a result, little evidence of 
success could be found and the practice was widely discontinued (Blankenship and 
Leber, 1995). Interest in stock enhancement has recently been renewed thanks to major 
advances realized in the fields of hatchery culture and large scale tagging (Blankenship 
and Leber, 1995; Leber and Blankenship, 2011; Lorenzen et al., 2010). An increasing 
number of marine species are being grown out to the juvenile stage, at which point they 
can be tagged and monitored post-release to better determine the effectiveness of stock 
enhancement programs (Blankenship and Leber, 1995; Leber and Blankenship, 2011). 
The resurgence in the popularity of stock enhancement prompted H. Lee Blankenship and 
Kenneth Leber to develop a guideline for the responsible implementation of the practice 
in 1995, a tenant of which emphasized the use of genetic resources to manage the 
potentially negative effects arising from interactions between wild and captive stocks.  
Stock enhancement can impact the genetic integrity of a wild population in 
multiple ways (Laikre et al., 2010). A first major impact is the loss of genetic diversity 
that occurs when the effective population size of the hatchery stock is much smaller than 
that of the wild ‘recipient’ population (Ryman and Laikre, 1991). In that situation, the 
effective size of the supplemented population is expected to be reduced over time, 
leading to loss of genetic diversity, if the released individuals contribute significantly to 
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breeding in the wild. Assessing this risk requires determining the effective population 
sizes of wild and hatchery stocks and estimating the reproductive success of hatchery-
reared individuals in the wild (Tringali and Bert, 1998). Genetic impact is also expected 
if the genotypes of stocked fish differ from those of the local wild population. Subsequent 
mating of non-local fish with wild fish from the recipient population results in genetic 
swamping where local alleles are lost as they are replaced by the more common new 
genotypes and/or in the potential disruption via recombination of sets of co-adapted genes 
that confer fitness to the local population (i.e. outbreeding depression, Gharrett et al., 
1999; Gilk et al., 2004). Outbreeding depression and genetic swamping can occur if 
captive fish are domesticated and diverge from wild conspecifics due to differing 
selective pressures between the hatchery and wild environments. The detrimental 
consequences of releases based on domesticated strains have been perceived intuitively 
and demonstrated empirically in salmonids (Araki et al., 2007, 2008). Avoiding selection 
in the hatchery is a priority when developing aquaculture species for stock enhancement 
and genetic impacts due to domestication are therefore not usually of immediate concern. 
However, outbreeding depression and genetic swamping can also occur if the broodstock 
used to produce individuals for release are collected from a non-local wild population 
that shows different genetic adaptations than that of the recipient stock. A priority for 
newly developed stock enhancement programs is therefore to understand the population 
structure of a target species in order to determine if multiple broodstocks are needed to 
stock genetically distinct subpopulations.  
Determining population structure in marine species is challenging due to the 
continuous nature of the habitat, the typically large sizes exhibited by marine populations 
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and the high potential for dispersal at the larval and/or adult stages or many organisms 
(Avise, 1998). Until recently, inferences on population structure have primarily relied on 
measures of divergence at molecular markers such as microsatellites. Microsatellites are 
assumed neutral to natural selection unless they are closely linked to a gene under 
selection (i.e. genetic hitchhiking, Allendorf et al., 2012). In some regards, the neutrality 
of microsatellites is considered advantageous as any variation detected among or within a 
population at these loci is expected to result from genetic drift, migration or mutation, 
allowing the use of simpler population genetics models. However, because only a few 
migrants are required to maintain homogeneity in allele frequencies among demes at 
neutral markers, large populations typical of marine species can appear genetically 
homogeneous when they are in fact demographically independent (i.e. exchanging a 
small proportion of migrants, Waples, 1998). The ability of neutral markers to detect 
demographically independent stocks of marine species is therefore limited in many cases. 
The neutrality of microsatellites also restricts their power in detecting genetic variation 
that arises due to natural selection and local adaptation. Indeed, natural selection is 
expected to act only on specific regions of the genome and microsatellites may not reveal 
the signature of local adaptations unless they are located in these genomic regions. 
Because of the expected random genomic distribution of SSRs, only a small proportion of 
the loci are expected to be located in these selected regions. Microsatellite datasets 
typically consist of small numbers of loci (10 to 20) making the likelihood that these 
panels include loci from selected regions extremely low. Consequently, observations of 
homogeneity across small numbers of microsatellites may result in the false inference of 
a lack of subdivision if natural selection is playing a significant role in population 
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differentiation (Gold et al., 2001). This limitation is important because there is empirical 
evidence that natural selection does play a role in structuring marine species (e.g. Bourret 
et al., 2013; Nielsen et al., 2009). The extent of adaptive genetic variation therefore needs 
to be assessed using alternative methods in order to properly develop sustainable spatial 
management plans for marine metapopulations, but this task is challenging as genes and 
traits involved in local adaptation are a priori unknown. 
The genome-wide characterization of genetic variation through high-resolution 
genome scans overcomes the limitations associated with putatively neutral markers and 
allows the detection of genomic regions undergoing selection in different populations. 
Until recently, the use of such genome scans was cost-prohibitive in non-model species 
because methods available to assay polymorphisms (e.g. at Single Nucleotide 
Polymorphisms or SNPs) were incompatible with the large number of markers needed to 
achieve high-density scans. The development of next-generation sequencing and 
genotyping by sequencing technologies (Baird et al., 2008; Glaubitz et al., 2014; Peterson 
et al., 2012) offers a new perspective to these issues in that high-resolution genome scans 
can now be deployed for reasonable costs and within a short time frame (Allendorf et al., 
2010; Angeloni et al., 2012; Avise, 2010). However, the interpretation of genome-wide 
datasets in non-model species can be challenging when the degree of physical linkage 
between markers is unknown. In particular, inferences on the number and location of 
genomic regions involved in local adaptation of populations can be problematic due to 
potential confounding effects of selection and physical linkage (Lotterhos and Whitlock, 
2014). In addition, failure to control for linkage among loci can lead to bias when 
estimating demographic parameters such as effective population size (Larson et al., 
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2014). When possible, a linkage map should be constructed in conjunction with a 
reference genome sequence in order to anchor SNP loci prior to interpreting patterns of 
genetic variation. Using these resources, genomic regions undergoing divergent selection 
can be identified from the observation of clusters of linked loci, co-located on portions of 
linkage groups that depart from expected patterns of divergence under the neutral 
distribution (outlier loci). Such genomic regions, when they occur, are candidates for 
further study of association with adaptive traits. The objective of this work was to deploy 
the genomic approach to establish a genetic baseline for the management of an emerging 
species being developed for aquaculture in the southern U.S., the northern red snapper 
(Lutjanus campechanus).  
The northern red snapper is a popular reef fish that is distributed throughout the 
Gulf of Mexico and along the East Coast of the U.S. In the Gulf of Mexico, landings of 
the commercial fishery between 2003 and 2007 averaged ~4.3 million lbs for a value of 
$11,600,688 while those of the recreational fishery averaged ~4 million lbs (Personal 
communication from the National Marine Fisheries Service, Fisheries Statistics 
Division). The Gulf fishery experienced a collapse evidenced in the late 1980s when 
landings were found to be composed of mostly young red snapper aged 1 to 3 (SEDAR, 
2005). Estimates of the spawning potential ratio were less than 1%, indicating that the 
stock was overfished and undergoing overfishing (GMFMC, 1991). A management plan 
was implemented in 1984 to monitor the re-growth of the red snapper fishery; while red 
snapper in the Gulf of Mexico is still considered overfished, overfishing has ended and 
the stock is projected to reach sustainable levels by 2032 (SEDAR, 2013). Similarly low 
spawning potential ratios were estimated in the South Atlantic red snapper population 
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(Manooch III et al., 1998) and evidence of continued overfishing led to the institution of 
a fishing moratorium in 2010 (SEDAR, 2010). The moratorium was briefly lifted in 
2014, but it was re-enacted the following year due to excessive harvests. Despite these 
efforts, recent assessments report that the South Atlantic stock remains overfished and 
overfishing is still occurring in the region (SEDAR, 2016). 
The high popularity of red snapper as a game fish and on the food market coupled 
with its overfished status make this species a primary candidate for both commercial 
aquaculture and stock enhancement. The first attempts to culture red snapper date back to 
the late 1970s (Arnold et al., 1978). Spawning of captive broodstock has been reported 
(Phelps et al., 2009), but is still highly variable and unpredictable so that the production 
of eggs for aquaculture relies primarily on wild-caught mature fish induced for ovulation 
and stripped spawned for in-vitro fertilization (Saillant et al., 2012). The culture of larvae 
is also a major limiting factor to expanded production of red snapper as survival rates are 
still very low (less than 5%) and copepods are required as an initial feed (Saillant et al., 
2012). An indoor production unit for copepods was developed by the University of 
Southern Mississippi Gulf Coast Research Laboratory (USM-GCRL) and supports the 
production of red snapper fingerlings for research and experimental release on artificial 
reefs offshore the Mississippi Gulf coast (Blaylock et al., 2000; Saillant et al., 2014). A 
primary need for red snapper aquaculture as outlined above is to understand population 
structure in order to define appropriate management units for the developing stock 
enhancement project for this species. 
The possible presence of multiple populations or stocks of red snapper in U.S. 
waters has been examined extensively during the past two decades through studies of life 
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history and genetic stock structure. Genetic studies (Garber et al., 2004; Gold et al., 1997, 
2001; Hollenbeck et al., 2015; Pruett et al., 2005; Saillant et al., 2010; Saillant and Gold, 
2006) have indicated homogeneity in the distribution of genetic variants among 
geographic regions of the northern Gulf and the East Coast of the U.S. However, a 
significant spatial autocorrelation of genotypes sampled within a window of 100 km, 
indicative of an isolation by distance pattern, was evidenced during analysis of young-of-
the-year samples collected along the shelf of the northern Gulf of Mexico (Saillant et al., 
2010). In addition, studies of life history (Fischer et al., 2004; Woods et al., 2003) and of 
effective population size (Hollenbeck et al., 2015; Saillant and Gold, 2006) have 
indicated significant differences among geographic regions. These findings, along with 
occurrence of both geological and habitat differences (Gallaway et al., 1999; Rezak, 
1985), and differences in landings and fishing effort across the northern Gulf (SEDAR, 
2005), have led to the definition of an eastern and a western “stock” on either side of the 
Mississippi River (SEDAR, 2005) and a South Atlantic stock on the East Coast of the 
U.S. (SEDAR, 2016). Further subdivision of the western Gulf of Mexico stock has been 
suggested based on differences in growth parameters (Fischer et al., 2004) and estimates 
of effective population size (Saillant and Gold, 2006) between red snapper sampled off 
the coasts of Louisiana and Texas. The occurrence of life history differences between 
relatively proximal localities (e.g. Louisiana versus Alabama for reproductive traits) 
suggests that divergence at genes impacting life history traits might occur despite 
apparent homogeneity in allele frequencies at microsatellite loci. Testing this hypothesis 
requires examining genome-wide divergence, as discussed above, which cannot be done 
in a cost-effective way using traditional methods of genetic characterization. 
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The objectives of this work are to develop genomic resources in support of 
aquaculture and stock enhancement of the red snapper and to apply these resources in a 
first implementation of genome scans for the assessment of stock structure of the species 
in U.S. waters. The following chapters describe the steps taken to develop genomic 
resources and their applications in the characterization of red snapper populations. 
Chapter II outlines the discovery and development of novel homologous microsatellite 
loci using the direct ‘Seq-to-SSR’ approach. In Chapter III, these loci perform a 
supportive role in the construction of a high-density SNP-based linkage map that is used 
to anchor genome contigs and perform a first analysis of the genomic organization of red 
snapper. In the fourth chapter, the integrated linkage map and genome sequence resource 
are used to conduct high-resolution genome scans in localities of northern red snapper 
(Lutjanus campechanus) across the U.S. in order to establish a genetic baseline for the 
implementation of a stock enhancement program. One locality representing southern red 
snapper (Lutjanus purpureus) is also characterized in order to investigate the potential for 
gene flow between the two species.  
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CHAPTER II – DEVELOPMENT AND CHARACTERIZATION OF 
 HOMOLOGOUS MICROSATELLITE MARKERS 
Introduction 
Microsatellites, or simple sequence repeats (SSRs), are a form of repetitive DNA 
consisting of arrays of short (1 to 6 bp) motifs aligned in tandem. Since their discovery in 
1981 (Ellegren, 2004), microsatellites have been extensively used as genetic markers in 
studies of population structure, taxonomy, hybridization, genome mapping and DNA 
fingerprinting (Chistiakov et al., 2006). The popularity of microsatellites for these 
applications is attributed to their straightforward and high-throughput assay, Mendelian 
co-dominant inheritance, neutral evolution, genome-wide distribution, and high degree of 
variability. The abundance of SSRs is expected to average one locus every 10 kb of 
genomic sequence or less in most fish species, though densities of up to one locus per 
1.87 kb have been reported in the Japanese pufferfish (Liu, 2008). The elevated mutation 
rate observed at microsatellite loci (estimated to be between 10-5 and 10-2 mutations per 
gene per individual, Jarne and Lagoda, 1996) paired with their tendency to occur in non-
coding regions of the genome contribute to the rapid accumulation of large numbers of 
alleles at these markers. In marine species, for instance, over 40 alleles can be present at a 
single locus, resulting in high levels of heterozygosity within a population (DeWoody 
and Avise, 2000).  
These characteristics make microsatellites particularly powerful during genome 
mapping and association studies (Ball et al., 2010; Beaumont et al., 2010). Their high 
polymorphism results in a high frequency of crosses yielding informative meioses for 
mapping (e.g. di-hybrid crosses in which the two parents are heterozygotes for different 
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alleles) and their genome-wide distribution allows most chromosomal regions to be 
covered when microsatellites are incorporated in mapping projects. However, the manual 
effort involved in genotyping microsatellites prevents high-density linkage maps from 
being constructed from SSRs alone. Recent developments in linkage mapping take 
advantage of the major progresses that have been made in next-generation sequencing 
(NGS) and genotyping by sequencing during the past few years. These new technologies 
allow discovering and genotyping large panels of SNP loci (potentially thousands or 
more) resulting in high densities of markers available for linkage analysis. However, 
because of their reduced heterozygosity, SNPs are unlikely to be informative across 
multiple mapping families, making the combination of datasets a challenge (Ball et al., 
2010). The inclusion of a small panel of hypervariable markers such as microsatellites 
can mitigate this challenge by ‘anchoring’ datasets obtained from multiple families, 
facilitating the construction of high-density SNP-based linkage maps (Ball et al., 2010). 
Until recently, the development of novel, homologous microsatellite loci de novo 
required labor intensive protocols involving the enrichment of genomic libraries, the 
cloning of enriched fragments and the screening of obtained enriched libraries via Sanger 
sequencing (Zane et al., 2002). The advent of NGS has greatly improved the efficiency of 
microsatellite discovery by eliminating the need for laborious laboratory steps of library 
enrichment and cloning. Instead, sequencing reads produced via NGS can be directly 
screened for microsatellite arrays using the ‘Seq-to-SSR’ technique described in Castoe 
et al. (2012). The assembly of sequencing reads into genomic contigs is not required for 
the ‘Seq-to-SSR’ method, substantially increasing the cost effectiveness of this approach. 
Because the design of PCR primers requires uninterrupted stretches of sequenced DNA 
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flanking the identified microsatellite array, the use of long continuous sequencing reads, 
such as those generated by 454 pyrosequencing (300 to 800 bp), has been recommended 
for the development of microsatellites (Schoebel et al., 2013). However, the ‘Seq-to-
SSR’ approach can also be applied to reads obtained from paired-end Illumina 
sequencing for a lower cost, as demonstrated by Castoe et al. (2012) who identified 
74,606 and 72,125 potentially amplifiable loci (PALs) in two bird species with low SSR 
abundance (Gunnison Sage-grouse and Clark’s nutcracker, respectively) using this 
method.  
Though the ‘Seq-to-SSR’ technique is capable of returning thousands of candidate 
microsatellites, the costs and laboratory efforts associated with characterizing these loci 
still limit the number of markers that can realistically be produced (Zalapa et al., 2012). 
SSR characterization involves assessing novel loci for success during PCR amplification, 
interpretability of electropherograms obtained from PCR products, their degree of 
polymorphism and the conformance of genotypic proportions to Hardy-Weinberg 
expectations. PCR may introduce amplification artifacts such as null alleles, large allele 
dropout, and stuttering that result in genotyping errors, potentially compromising 
inferences during downstream analyses. Null alleles cannot be amplified due to a 
mutation in the flanking region of the microsatellite that prevents the primer from 
annealing during PCR. As they appear to have only one allele, heterozygotes possessing a 
null allele are misinterpreted as homozygotes (Van Oosterhout et al., 2004). Large allele 
dropout occurs when smaller alleles are preferentially amplified over larger alleles, also 
leading to the false inference of homozygotes (Van Oosterhout et al., 2004). Finally, 
DNA strand misalignment during PCR may produce stutter bands that differ from the 
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original allele by a multiple of the repeat motif length, complicating allele calling (Van 
Oosterhout et al., 2004). Each of these artifacts affects the allelic and genotypic 
frequencies at impacted loci leading to departure of genotype distributions from those 
expected in a panmitic population. However, these departures can be detected through the 
statistical evaluation of a practical dataset, allowing error-prone loci to be removed prior 
to their use in genetic analyses (Van Oosterhout et al., 2004). 
The objective of this chapter was to expand the existing panel of 21 homologous 
red snapper microsatellite loci previously developed by Gold et al. (2001) to numbers 
suitable for linkage mapping. The microsatellites characterized here will perform a 
supportive role during map construction (detailed in Chapter III of this work), acting as 
‘anchors’ for less informative SNP makers. 
Materials and Methods 
Microsatellite Discovery 
Approximately 1 µg of genomic DNA was extracted from the spleen tissue of one 
red snapper using the phenol chloroform protocol (Sambrook et al., 1989). The obtained 
DNA was used to prepare a paired-end library for whole genome shotgun sequencing at 
the University of Colorado Microarray core facility of the University of Colorado Denver 
School of Medicine. The protocol for library preparation followed methods described by 
Castoe et al. (2012). Paired-end sequencing of 100 bp fragments was conducted on the 
Illumina HiSeq 2000 platform generating 166,174,049 million raw, paired-end reads.  
Raw, concatenated paired-end reads produced through whole genome sequencing 
were screened for the presence of di-, tri-, tetra-, penta-, and hexanucleotide 
microsatellite arrays in the program PAL_FINDER_v.0.02.03 (Castoe et al., 2012). A 
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manual search for reads containing between 12 and 25 uninterrupted repeats was then 
performed on the candidate loci returned by PAL_FINDER. Most loci consisting of 
fewer than 12 repeats are monomorphic making them uninformative for linkage analysis; 
loci having more than 25 repeats are also unsuitable because they are prone to scoring 
errors such as large allele dropout (Pompanon et al., 2005). Polymerase Chain Reaction 
(PCR) primers were designed in the regions flanking each selected microsatellite using 
the software Primer3 (Untergasser et al., 2012). An initial set of 150 primer pairs was 
designed and synthesized for further testing. Discovery of these potentially amplifiable 
loci required screening of approximately 1.5 million raw sequencing reads. 
Candidate Microsatellite Evaluation and Selection 
The 150 primer pairs were tested for PCR amplification success and their 
polymorphism and allelic diversity were evaluated. These initial tests employed DNA 
samples from 6 red snapper individuals collected in the area of Orange Beach, AL. DNA 
was isolated using the phenol-chloroform method as above. PCR reactions were 
completed in a total volume of 5 µl, consisting of 4.8-7.2 ng of genomic DNA, 2.5 pmol 
of the forward and reverse primers, 10 nmol of MgCl2 (Promega), 1 nmol of dNTPs 
(Promega), 0.5 units of GoTaq Flexi DNA Polymerase (Promega), and 1x of buffer 
(Promega). The thermal cycling protocol used for PCR began with an initial denaturation 
step at 95ºC for 3 min, followed by 35 cycles at 95ºC for 30 s, a specific annealing 
temperature for 30 s, and 72ºC for 45 s. Amplification finished with a final elongation 
step at 72ºC for 10 min. Because the optimal annealing temperatures for each primer pair 
were not a priori known, a touchdown protocol was applied as described by Renshaw et 
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al. (2006) where the annealing temperature was set at 60ºC for the first 7 cycles, followed 
by 7 cycles at 56ºC, and 52ºC for the remaining 21 cycles.  
The PCR products were visualized on a high resolution NuSieve-GTG® agarose 
gel (Lonza). The forward primer of each pair that consistently amplified across the 6 
individuals and displayed polymorphism was labeled using one of three fluorescent dyes 
(6-Fam, Ned, or Hex) for further testing. Optimal annealing temperatures were 
determined for each labeled primer pair through a series of PCR reactions performed at 6 
annealing temperatures ranging from 52ºC to 62ºC and held constant throughout the 35 
amplification cycles. The PCR products were diluted 1:10 to 1:40 with ddH2O and mixed 
1:1 with a loading solution containing blue-dextran dye, formamide, and 13 size 
standards fluorescently labeled with ROX. The products were loaded on a 6% acrylamide 
gel and run on an ABI-377XXL sequencer (Applied Biosystems). The resulting 
electropherograms were analyzed with GeneScan software (Applied Biosystems), and 
alleles were called in Genotyper (Applied Biosystems). Successfully amplifying, 
polymorphic microsatellites that could be scored reliably were selected for final data 
analyses. 
Thirty individual red snapper, also collected offshore of Orange Beach AL were 
assayed at each locus by applying the protocol optimized above and statistical analysis 
was conducted on the resulting dataset. The software ARLEQUIN v. 3.1.5.3 (Excoffier 
and Lischer, 2010) was used to calculate the number of alleles (A), the observed (Ho) and 
expected (He) heterozygosity, and to perform exact tests of conformance of genotypic 
proportions to Hardy-Weinberg expectations. Estimations of probability values (PHW) 
employed a Monte Carlo Markov Chain (MCMC) approach, using 106 MCMC steps with 
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105 dememorization steps. The False Discovery Rate (FDR, Benjamini and Hochberg, 
1995) procedure was used to determine the significance threshold for P-values when 
multiple independent tests were conducted simultaneously. Occurrence of artifacts 
impacting scoring such as null alleles, stuttering, or large allele dropout was tested using 
the program Microchecker v. 2.2.3 (Van Oosterhout et al., 2004).  
Multiplex Assay Optimization 
In order to increase the cost effectiveness of assays, the selected loci were 
incorporated into multiplex panels of 3 to 5 microsatellites for simultaneous amplification 
in the same reaction. Panels were built by testing candidate panels of potentially 
compatible loci for joint amplification in the same PCR reaction. Compatible loci have 
non-overlapping ranges in allele sizes or are labeled with a different fluorescent dye so 
that they can be unambiguously scored on the same electrophoresis gel. Candidate panels 
were tested for amplification success and interpretability of electropherograms in a trial-
and-error process until distinct panels of three or more loci consistently amplifying 
jointly were identified. Primer concentrations within mega-cocktails and touchdown 
thermal cycling temperatures were then adjusted to standardize PCR product quantities 
across grouped loci. Microsatellites that could not be successfully incorporated into any 
multiplex were amplified through single-locus PCR reactions at their previously 
identified optimal annealing temperatures. 
Results 
Amplification tests performed on the 150 primer pairs initially synthesized, led to 
the selection of a total of 87 markers that amplified reliably and displayed polymorphism 
across the 6 test-samples; one of the two primers for each of the 87 markers was labeled 
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with a fluorescent dye to evaluate electropherogram interpretability. Eighty-four of the 
loci yielded interpretable PCR products on a sequencing gel and were included in the 
final panel. The sequences of raw reads from which PCR primers were designed are 
available in the SRA database of the National Center for Biotechnology Information (data 
accession # SRR1171015). The characteristics of the loci are presented in Appendix 
Table A1. The number of alleles at each locus ranged from 7 to 30, with Ho and He 
ranging from 0.414 to 1.000 and 0.466 to 0.967, respectively. A significant departure 
from Hardy-Weinberg expectations was inferred at loci RS208, RS255, RS299, RS317, 
RS344, RS396, and RS398. Null alleles were detected at all deviating loci, except RS317, 
RS344, and RS398. In addition, potential null alleles segregating at loci RS27, RS139, 
and RS390 were identified during Microchecker analyses, but had little effects on 
genotype frequencies considering the non-significant outcome of tests of Hardy-
Weinberg equilibrium at these loci. Markers RS173, RS208, and RS240 were difficult to 
score consistently due to stuttering, although no significant impact of these artifacts on 
genotype frequencies was detected in Microchecker analyses. Finally, consecutive alleles 
differing in size by one base pair (‘one base pair shifts’) were identified at loci RS300 
and RS396, an observation inconsistent with the expected pattern of variation in numbers 
of microsatellite repeats. 
Assay optimization resulted in 22 multiplex panels, each consisting of 2 to 4 
markers and allowing assay of 72 of the loci; simplex PCR reactions were conducted for 
the remaining 12 microsatellites. When possible, PCR products of single locus reactions 
were mixed prior to gel electrophoresis, after applying dilution factors to adjust PCR 
product concentrations resulting from individual PCR reactions. The characteristics of the 
 18 
final multiplex panels and their optimized PCR protocols are given in Appendix Table 
A2. 
Discussion 
In this work, the ‘Seq to SSR’ approach was applied to develop 84 new 
microsatellite markers for red snapper. The method saved significant laboratory effort 
with respect to traditional protocols for microsatellite discovery by replacing cloning and 
Sanger sequencing of individual clones with direct sequencing of a genomic library and 
automated detection of loci in the software PAL_FINDER. Many of the microsatellites 
identified during the initial screening by PAL_FINDER were unsuitable for further 
development due to imperfect repeated motifs, low quality sequences in the region 
flanking the microsatellite, or inadequate location of the microsatellite within the read 
(e.g. the array of repeats extended to the beginning or the end of the paired-end sequence, 
preventing the design of one of the two PCR primers). Selection of reads to design 
primers for test amplification of the initial panel of 150 loci required screening an 
estimated 1.5 million raw paired-end reads, ultimately leading to the development of 84 
successfully amplifying, polymorphic microsatellite loci. Considering a typical output of 
200 million reads generated during a HiSeq run, these results suggest that more than 
10,000 microsatellites could be developed from a single Illumina HiSeq lane. 
Alternatively, libraries from multiple taxa could be multiplexed in a single HiSeq run, or 
the smaller platform MiSeq could be used if moderate numbers of microsatellites are 
desired.  
The microsatellites characterized in this work were applied to the construction of 
a high-density, SNP-based linkage map that is described in the following chapter. 
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Mapping studies require information regarding recombination within parental gametes, 
meaning markers that are deemed unsuitable for surveys of population divergence (i.e. 
those displaying non-conformance to Hardy-Weinberg expectations and/or loci with null 
alleles) may be incorporated into linkage maps provided the Mendelian segregation of 
genotypes can be reliably inferred. With careful scoring, null alleles can be detected in 
datasets consisting of parent and progeny trios, allowing genotypes including null alleles 
to be imputed with confidence as long as the two parents do not share alleles (Callen et 
al., 1993; Ball et al., 2010). Therefore, markers showing evidence of these null alleles or 
large allele dropout were tentatively retained and evaluated for use in linkage mapping in 
the next chapter. 
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CHAPTER III – DEVELOPMENT AND CHARACTERIZATION OF GENOMIC 
RESOURCES FOR RED SNAPPER: HIGH-DENSITY LINKAGE MAPPING, 
ANCHORING OF A FIRST DRAFT GENOME ASSEMBLY  
AND COMPARATIVE GENOMIC ANALYSIS 
Introduction 
Studies of the genetic architecture of population adaptations or of the genetic 
basis of complex characters in non-model species have been limited by the high costs and 
efforts involved in generating reliable reference genomes (Ellegren, 2014). The 
production of a complete reference genome requires a considerable investment of 
resources in species with large genomes, but partial genome assemblies with relatively 
high coverage can be attained at a reasonable cost using high-throughput sequencing 
technologies. These partial sequences are often highly fragmented and can contain 
misassembled regions (Fierst, 2015), making their direct application to genomic studies 
challenging. However, the utility of these assemblies is greatly enhanced if they are 
anchored to a high-density linkage map (Fierst, 2015). 
 This anchoring is achieved by mapping contigs and scaffolds onto linkage groups 
to generate pseudo-chromosomes (Tang et al., 2015). The mapping and ordering of 
contigs and scaffolds contributes to the genome sequence assembly process by allowing 
putative assembly errors to be identified and corrected (Fierst, 2015; Hedgecock et al., 
2015). Mapped contigs can also be applied in comparisons of genome organization 
among species (Hillier et al., 2007; Kai et al., 2014; Shao et al., 2015). Another potential 
application of the integrated map and genome sequence is in the interpretation of high 
density genomic scans during population genomic surveys. Polymorphisms identified and 
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surveyed during these studies can be mapped on genome contigs which allows 
positioning them on linkage groups and inferring their degree of linkage. The information 
gathered is critical when inferring genomic regions involved in divergence and the 
genomic architecture of local adaptations  (Allendorf and Luikart, 2006; Bourret et al., 
2013) or when estimating effective population size and recent demographic growth 
trajectories of populations (Hollenbeck et al., In press). Finally, mapped genome contigs 
can also be used in QTL mapping studies aiming to locate loci impacting phenotypic 
characters affecting fitness or important to commercial production in aquaculture species, 
further contributing to the comprehensive characterization of the genetic basis of these 
traits (Yue, 2014).  
The objective of this work was to develop genomic resources for the red snapper 
(Lutjanus campechanus), a marine reef-associated fish belonging to the Lutjanidae 
family. The species is exploited by major fisheries throughout its range and is currently 
being developed for aquaculture in the United States. Several studies investigating red 
snapper population structure in recent years (Gold and Saillant, 2007; Saillant et al., 
2010; Hollenbeck et al., 2015) have aimed to define management units to better conserve 
fisheries resources. These early studies were based on small numbers of genetic markers 
and failed to assess the role of local adaptation in structuring red snapper populations or 
to document the genetic basis of significant regional differences in several life history 
traits (Pruett et al., 2005). Addressing these issues and developing domestication 
programs in red snapper thus requires the development of genomic scans as discussed 
above but to date, no genomic resources have been produced for red snapper or any other 
lutjanid. This work aimed to develop a draft reference genome sequence in conjunction 
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with a high-density linkage map for red snapper and provide a first comparison of the 
organization of the red snapper genome with that of other teleosts. The red snapper draft 
genome sequence and linkage map obtained in this project will be available to serve as a 
framework for developing a reference genome in this species, making inferences during 
population genomics studies and characterizing the genetic basis of phenotypic traits 
targeted during future domestication programs.  
Materials and Methods 
Genome Sequencing and Assembly 
Genomic DNA was extracted with the Qiagen DNeasy Blood & Tissue Kit from 
the spleen of one wild red snapper individual collected from Alabama (U.S.) coastal 
waters. An Illumina V3 whole-genome shotgun Paired-End library was prepared 
according to manufacturer protocol using one microgram of the obtained DNA and 
sequenced on one flow-cell lane of the Illumina HiSeq2000 platform. Another 35 µg of 
the same DNA was used to generate 3 kb and 20 kb Paired-End libraries for sequencing 
on the Roche P-454 GS-FLX titanium platform. The libraries were loaded on one 
PicoTiterPlate for sequencing, half of which was allocated to the 3 kb library and the 
other half to the 20 kb library. Illumina sequencing reads were trimmed and filtered to 
retain reads with at least 70 bp and Phred scores greater than 20. The sffToCA module of 
the Celera Assembler (Miller et al., 2008; Myers et al., 2000) was used to prepare P-454 
reads for assembly under the parameters ‘clear n’ and ‘trim hard.’  
Filtered sequencing reads were assembled with the Celera Assembler. Contigs 
consisting of fewer than 199 bp were discarded from the final assembly. A search of the 
NCBI NT database was performed using BLASTn (e-value 1e-06) to identify bacterial 
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sequences erroneously included in the assembly; if one or more of the top 3 BLASTn hits 
had a bacterial origin, the contig was removed (Gilchrist et al., 2014).  
Mapping Population 
Wild adult red snapper (5 males and 5 females) collected from Alabama coastal 
waters in 2012 and 2013 were used to generate 5 full-sib families at the University of 
Southern Mississippi’s Thad Cochran Marine Aquaculture Center. Each family was 
produced by manually stripping the ova from one female and fertilizing them in vitro 
with the sperm of one male as described in Minton et al. (1983); ovulation of females and 
spermiation of males had been induced by a single injection of human chorionic 
gonadotropin (1,100 IU.kg-1 for females, 550 IU.kg-1 for males). Larvae were reared for 
60-90 days before tissue collection to ensure that a sufficient amount of DNA could be 
obtained using non-lethal sampling techniques. Tissue clips were taken from the dorsal 
fin of each fish and immediately immersed in a 20% DMSO salt-saturated fixative (0.5 M 
EDTA, 20% Dimethyl sulfoxide, NaCl, ddH2O) for preservation. Whole genomic DNA 
was extracted from each parent and 60 randomly selected offspring per family using the 
phenol-chloroform protocol (Sambrook et al., 1989). In Family 2, only 51 full-sib 
samples could be obtained. DNA quality was evaluated on a 1% agarose gel; samples 
displaying minimal apparent DNA degradation were assessed via spectrophotometry on a 
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) to determine DNA 
concentration and purity. High quality DNA samples were adjusted to 50-70 ng.µl-1 with 
Tris-HCl (10 mM, pH 8.0) and stored at -20°C until use. 
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Microsatellite Assays 
Each individual was genotyped at 97 microsatellite markers. Eighty-one of the 
microsatellites were developed by Norrell et al. (2014) and optimized into multiplexes 
consisting of 2 to 4 markers. The remaining 16 microsatellites were characterized by 
Gold et al. (2001) and combined into multiplex assays by Renshaw et al. (2006). 
Polymerase Chain Reactions (PCR) were completed in a total volume of 5 µl, consisting 
of 4.8-7.2 ng of genomic DNA, 2.5 pmol of forward and reverse primers, 10 nmol of 
MgCl2 (Promega, Madison, WI, USA), 1 nmol of dNTPs (Promega), 0.5 units of GoTaq 
Flexi DNA Polymerase (Promega) and 1x of buffer (Promega). The thermal cycling 
protocol used for PCR began with a denaturation step at 95ºC for 3 min, followed by 35 
cycles at 95ºC for 30 s, annealing temperature for 30 s and 72ºC for 45 s. Amplification 
finished with an elongation step at 72ºC for 10 min. The annealing temperature (AT) used 
for amplification was optimized based on the specific AT of the microsatellites markers 
incorporated in multiplex panels. When the specific AT differed among markers included 
in the same multiplex panel, a touchdown thermal cycling protocol was used where the 
AT was gradually reduced during consecutive annealing cycles, as described in Renshaw 
et al. (2006). The composition of multiplex panels and ATs used for multiplex 
amplifications are available in supporting material (Appendix Table A2). PCR products 
were loaded on an ABI-377XXL sequencer (Applied Biosystems, Carlsbad, CA, USA) 
and the resulting electropherograms were analyzed with GeneScan (Applied Biosystems) 
software. Allele calling was performed using Genotyper (Applied Biosystems), and 
genotypes were entered into a database for downstream analysis. Parents and progeny of 
the same full-sib family were run on the same gel and analyzed together. The program 
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LINKMFEX (available at http://www.uoguelph.ca/~rdanzman/software.htm) was applied 
to test for segregation distortion; loci deviating significantly from the expected 
Mendelian segregation ratio (P < 0.05) were removed from the dataset on a per family 
basis. 
Double Digest RAD-Tag Sequencing 
Double digest RAD-Tag sequencing libraries were prepared using protocols 
modified from Baird et al. (2008) and Peterson et al. (2012). Each library was made from 
0.5 to 0.9 µg of whole genomic DNA, simultaneously digested by Sau3AI (7.5 units, 
New England Biolabs Inc., Ipswitch, MA, USA; NEB) and SPEI (3.75 units, NEB) at 
37°C for 1 h. After restriction enzymes were heat-inactivated at 65°C for 15 min, sample-
specific Illumina adapters were ligated to the digested fragments using 400 units of T4 
Ligase (NEB) at 16°C for 30 min. Each adapter pair included a unique 6 bp barcode, used 
to retrieve reads from individual samples following multiplex sequencing and a 
degenerate 8 bp unique molecular identifier (UMI) that enabled the downstream 
identification and removal of PCR duplicates (Schweyen et al., 2014). The ligated 
samples were purified and size-selected to remove fragments < 250 bp by applying 
Agencourt AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA) at a 0.65x ratio. 
The library fragments were then amplified in 25 µl reactions consisting of 1X of Taq 2X 
Master Mix (NEB) and 5 pmol of forward and reverse primers. The thermal cycling 
program began with a denaturation step of 3 min at 95°C, 30 cycles of 95°C for 30 s, 
55°C for 30 s and 72°C for 30 s, and ended with a final extension step at 72°C for 7 min. 
PCR products were pooled according to lane (31 individuals sequenced per Illumina 
flow-cell lane), purified with Agencourt AMPure XP beads (0.65x), and size-selected on 
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a PippinPrep (2% agarose gel cartridge, Sage Science, Beverly, MA, USA) to include 
fragments between 300 and 500 bp in the final library. The eluate was purified using a 
1.8x ratio of Agencourt AMPure XP beads before being submitted to the University of 
Colorado Denver School of Medicine (Aurora, CO, USA) for sequencing. Four families 
were sequenced on the Illumina HiSeq2000 platform and sequencing of the remaining 
family was conducted using the Illumina HiSeq2500 platform. 
SNP Discovery, Genotyping and Filtering 
Low confidence base calls (Phred score < 30) were iteratively removed from 
paired-end reads, beginning with the last base in each sequence. Both the forward and 
reverse reads in a pair were discarded if either fell below 75 bp in length during the 
trimming procedure. Identical sequences sharing the same UMI were marked as PCR 
duplicates; only one read from each set of duplicates was retained. Filtered reads were 
fed into the program dDocent (Puritz et al., 2014), where remaining adapter dimers were 
culled from the dataset and reads were mapped against the red snapper draft genome 
using BWA-MEM (Li, 2013). The Bayesian variant caller FreeBayes (Garrison and 
Marth, 2012) was then applied to the mapped reads to discover and genotype Single 
Nucleotide Polymorphisms (SNPs) and insertions/deletions (INDELs).  
SNPs were selected from the obtained database by applying the following 
filtering procedure. First, multiallelic SNPs, INDELs, SNPs covered by fewer than 10 
reads or more than 40 reads, and SNPs having a site quality score below 30 as determined 
by FreeBayes were removed from the dataset. SNPs supported by both forward and 
reverse reads were then excluded as they potentially arose from mapping errors that 
occurred during SNP discovery. Individual genotypes with a likelihood lower than 0.99, 
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as estimated in FreeBayes, were recoded as missing data (0/0). Individuals missing 
genotypes at more than 75% of the filtered loci were excluded from further analysis. The 
final dataset consisted of SNPs for which genotypes were available in at least 65% of the 
remaining individuals. 
Linkage Map Construction 
Linkage analyses were conducted in the software Lep-MAP2, (Rastas et al., 2016, 
2013). Prior to mapping, missing and incorrect parental information was imputed from 
progeny genotypes using the ParentCall module of Lep-MAP2 and the final dataset was 
filtered to retain SNPs showing no evidence of segregation distortion (P < 0.01) and that 
were informative in at least two families. Filtering strategies resulted in a minimum of 72 
informative meioses available for linkage analysis. A LOD score of 9 was applied to 
assign microsatellites and SNPs to linkage groups (LGs). Small LGs containing fewer 
than 10 loci were rejected from the map. Marker ordering was then completed using the 
OrderMarkers module following methods described by Rastas et al. (2016). Each LG was 
ordered 10 times, simultaneously estimating marker-specific error rates and map 
distances based on the Kosambi function (Kosambi, 1943) in males and females. Error 
prone loci (error rate > 0.1) and markers inflating the ends of linkage groups by more 
than 10 cM were removed and the order was re-evaluated an additional 10 times (Rastas 
et al., 2016). The order with the highest likelihood was selected from this set and final 
sex-averaged map lengths were determined. The lengths of individual LGs were summed 
to calculate the total length of the map. MapChart (Voorrips, 2002) was used to visualize 
the linkage map. 
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Assembly Improvement 
The assembly was re-evaluated based on the results of the linkage mapping study. 
SNPs identified on the same genome contig were expected to show near identical 
position on the linkage map considering the small size of genome contigs (average 9,928 
bp, maximum size 157,915 bp, see results) unless errors occurred during assembly of the 
draft genome (Hedgecock et al., 2015). In consequence, potential mapping inaccuracies 
were inferred when the distance (in cM) between adjacent SNPs mapped on the same 
contig exceeded the minimum detectable distance of the dataset, calculated as the 
probability of observing one recombination event between two loci given the minimum 
number of meioses available for linkage analysis (1.39 cM). When such errors were 
inferred, the contig was split to generate sub-contigs using a python script developed for 
the purpose of this study (available upon request from A. Norrell). The procedure for 
splitting and re-scaffolding contigs based on linkage information is described in 
Appendix Figure A1.  
The program ALLMAPS (Tang et al., 2015) was then used to order and orient the 
corrected contigs against the sex-averaged linkage map. Mapped SNPs anchored the 
contigs, forming putative red snapper pseudo-chromosomes. When contigs contained 
multiple markers, their mapping positions were used to orient the segment. The 
orientation of contigs anchored by only one SNP could not be determined.  
Genome Comparisons 
The genome assemblies of zebrafish (Danio rerio), medaka (Oryzias latipes) and 
spotted green puffer (Tetraodon nigroviridis) available in the Ensembl genome database 
were used for comparison to the red snapper. Repeat-masked assemblies were obtained as 
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individual chromosome files which were concatenated into one multi-entry FASTA file 
per species. Red snapper contigs and mini-scaffolds anchored to the linkage map were 
screened for repetitive elements in RepeatMasker (available at repeatmasker.org) and 
detected repeats were hard-masked. Pairwise comparisons were then performed between 
the red snapper assembly and the genomes of the 3 reference species. Syntenic regions 
were detected using BLASTn (e-value 1e-10). If a segment aligned to multiple areas 
within a model organism, only the best hit was retained. The distributions of aligned red 
snapper sequences among the chromosomes of each of the target species were plotted as 
Oxford grids (Figure 2).  
Results 
Draft Reference Genome Assembly 
Assembly of P-454 and Illumina sequencing reads yielded 76,351 contigs larger 
than 199 bp in length. All contigs were screened for bacterial contamination in the NCBI 
NT database; 124 contigs possibly included bacterial sequences and were removed from 
the assembly, bringing the total number of contigs to 76,327. The assembly spanned 
770,603,859 Mb, representing approximately 56.28% of the estimated red snapper 
genome size (1.4 pg, Hinegardner, 1968). Contig length ranged from 199 to 157,915 bp 
with a mean of 9,928 bp, and the assembly had an N50 value of 14,414 kb. Paired-end 
information allowed assembling a total of 67,254 scaffolds (N50 = 16,803 kb; average 
1.15 contigs per scaffold). The average contig coverage of the assembly was 24.37X.  
Microsatellite Genotyping 
Genotypes at the 97 microsatellites were acquired for the 291 progeny and the 10 
parents involved in the crossing design. Five of the loci could not be scored with 
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confidence in one or more families due to stuttering; the corresponding data (7 family by 
microsatellite marker combinations) were discarded from the dataset. In 19 of the 
remaining 478 family by marker combinations, some progeny genotypes differed from 
expectations under Mendelian transmission laws. Examination of parent and offspring 
genotypes revealed that these disagreements corresponded to cases where one of the 
parents was scored homozygous but several progeny failed to display the allele that this 
parent was expected to transmit, leading to an apparent Mendelian incompatibility. It was 
concluded that the homozygous parent was the carrier of a non-amplifying null allele. 
When the progeny genotypes could be unambiguously determined by accounting for the 
null allele, their genotypes were recoded with the null allele and the marker was retained. 
However, in cases where the two parents shared an allele (3 family by marker 
combinations), differentiating between progeny carrying a null allele and true 
homozygous individuals was not possible and the data were discarded. Significant 
departures from Mendelian segregation ratios were detected in 28 family by marker 
combinations (0 to 19 loci per family); the corresponding data were discarded from 
further analysis. The final dataset included 76 to 96 microsatellites per family and was 
applied to the construction of the linkage map (Table 1).  
Table 1  
Number of filtered sequencing reads, microsatellites and SNPs included in family 
datasets 
  Family 1 Family 2 Family 3 Family 4 Family 5 
Sequencing Reads (M) 127.3 110.8 210.4 200.7 216.9 
Microsatellites 90 95 96 90 76 
SNPs 9061 8716 27118 13569 10331 
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RAD-Sequencing, SNP Discovery and Genotyping 
Double digest RAD-tag sequencing produced over 866 M reads across 5 families. 
The number of filtered reads per individual ranged from 4 k to 9.27 M, with an average 
of 1.73 M (family totals are reported in Table 1). After filtering raw variants identified by 
FreeBayes for polymorphism, genotype quality and sample size, 8,716 to 27,118 
candidate biallelic SNPs remained per family (Table 1). Fifteen individuals were 
discarded due to poor genotyping success. A total of 1,435 SNPs were removed because 
genotype frequencies departed significantly from expected Mendelian ratios. The final 
dataset consisted of 8,843 SNPs informative in 2 or more families giving an average of 
103.95 informative meioses (range: 72-241) available per SNP locus for linkage analysis. 
Linkage Map Construction 
 Of the 8,940 markers (filtered SNPs and microsatellites) deemed suitable for 
mapping, 8,888 (99.42%) could initially be incorporated into 24 linkage groups (LGs), in 
agreement with the number of haploid chromosomes previously reported in several 
lutjanid species (Rocha and Molina, 2008). Removing error-prone markers identified in 
Lep-MAP2 reduced the number of loci included in the final map to 7,964. Sex-averaged 
linkage groups contained between 169 and 481 markers (average 331.83), and the 
average interval between adjacent markers was 0.33 cM (Table 2, Figure 1). 
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Table 2  
Summary statistics for the sex-averaged, male and female red snapper linkage map 
Sex-Averaged Map Male Map Female Map   
Linkage 
Group 
Total 
Markers 
cM cM cM 
Female to 
Male 
Ratio 
1 481 107.01 81.73 187.13 2.29 
2 415 129.41 82.54 197.27 2.39 
3 387 125.90 88.68 182.84 2.06 
4 366 73.59 66.63 83.17 1.25 
5 370 102.67 103.05 131.81 1.28 
6 357 122.44 95.12 162.64 1.71 
7 372 109.37 80.02 143.75 1.80 
8 350 148.54 124.30 213.98 1.72 
9 343 79.53 87.26 99.93 1.15 
10 333 109.57 105.50 151.27 1.43 
11 329 131.58 158.78 135.39 0.85 
12 342 98.46 85.16 127.58 1.50 
13 343 134.76 175.75 127.35 0.72 
14 340 145.88 86.79 133.84 1.54 
15 321 92.50 79.81 110.45 1.38 
16 319 109.63 112.43 139.18 1.24 
17 309 99.17 77.36 134.17 1.73 
18 305 79.08 60.81 98.21 1.62 
19 292 94.08 54.79 126.71 2.31 
20 297 131.51 134.64 144.92 1.08 
21 283 92.30 67.76 112.16 1.66 
22 274 110.74 130.71 100.23 0.77 
23 267 87.11 81.81 111.88 1.37 
24 169 112.60 76.82 139.21 1.81 
Total 7964 2627.40 2298.25 3295.06 1.43 
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Figure 1. Diagram of the red snapper sex-averaged linkage map 
The diagram displays marker distributions and linkage group sizes. A scale of map length in cM is presented on the left of the map for 
reference. Sex-averaged, male and female map details are given in Appendix Table A4.  
The complete map spanned 2,627.40 cM, with LGs ranging in size from 73.59 to 148.54 
cM (average 109.48 cM). The sex-specific maps generated based on meioses observed in 
male and female parents spanned 2,298.25 cM and 3,295.06 cM respectively resulting in 
a ratio of 1.43:1 female to male map length (Table 2). Male LGs ranged in length from 
54.79 to175.75 cM (average 95.76 cM) while female LGs ranged from 83.17 to 213.98 
cM (average 137.29).  
The magnitude of the difference in length between the male and female maps 
varied among linkage groups. Ratios between 1 and 2 were most common, as shown in 
Table 2. Four LGs (1, 2, 3 and 19) displayed more extreme ratios, with female groups 
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over twice the length of corresponding male LGs (Table 2). Interestingly, 3 LGs (11, 13 
and 22) were larger in males than in females, resulting in a map length ratio less than 1.   
Assembly Improvement 
A total of 5,212 contigs could initially be anchored to the linkage map. Evaluating 
the 1,158 contigs containing 2 or more mapped markers revealed that 1,655 SNPs 
adjacent to one another on the same contig were separated by a map distance greater than 
the minimum value that could be detected based on the dataset (1.39 cM). The contig 
splitting procedure described in Appendix Figure A1 A was used to break-up 787 
putatively misassembled contigs, producing 901 new contigs. Of these, 230 were 
discarded due to insufficient length (fewer than 199 bp), leaving a total of 671 new 
contigs added to the assembly. The scaffolding strategy shown in Appendix Figure A1 B 
was applicable to 85 of the contigs generated during the splitting process. Accordingly, 
these new contigs were re-joined as described in Appendix S2, resulting in 85 ‘mini-
scaffolds’.  
A total of 5,883 contigs were positioned on the linkage map by ALLMAPS (Tang 
et al., 2015). A majority of the mapped contigs (4,641) contained one SNP and could in 
consequence not be oriented. The remaining 1,242 contigs included 2 or more markers 
and were tentatively oriented based on the mapping positions of their SNPs. The mapped 
contigs spanned more than 94 Mb, representing 12.2% of the draft genome assembly. 
Genome Comparisons 
A total of 2.15 Mb of repetitive elements were detected during screening of 
anchored genome contigs and these sequences were masked prior to performing genome 
comparisons. A total of 12,157, 10,758 and 3,921 red snapper contig segments were 
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aligned to unique sequences of the medaka, green spotted puffer and zebrafish reference 
genomes, respectively, using BLASTn. Each of the 24 red snapper linkage groups 
showed a high level of homology to one of the medaka chromosomes with, on average, 
90.2% of sequences in one red snapper LG aligning to a unique medaka chromosome 
(range: 82.3% to 94.6%, Figure 2A). A high degree of synteny was also observed 
between red snapper and green spotted puffer (Figure 2B). Major differences between the 
two species can be attributed to the three fusion events that have occurred in the green 
spotted puffer lineage (Kasahara et al., 2007). These chromosomal rearrangements gave 
rise to green spotted puffer chromosomes 1, 2, and 3 and involved the ancestral 
chromosomes corresponding to current red snapper LGs 9 and 15, LGs 8 and 20 and LGs 
23 and 24, respectively. On average, a higher percentage of sequences within a red 
snapper LG aligned to matching green spotted puffer chromosomes when compared to 
medaka (mean: 92.7%, range: 72.0% to 98.9%). The weakest signal of synteny was found 
between red snapper and zebrafish (Figure 2C). No more than 48% of any red snapper 
LG sequences aligned to a single zebrafish chromosome, thus no 1:1 relationships 
between red snapper LGs and zebrafish chromosomes were found. The lack of homology 
is further supported by the low number of alignments returned by the BLASTn algorithm.  
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3 14 24 5 16 9 7 21 4 11 13 12 17 6 10 22 15 23 1 19 18 20 8 2
1 93.2 0.1 0.2 0.2 0.3 0.1 0.7 0.3 1.1 0.3 0.8 0.2 0.5 0.2 0.1 0.2 0.2 0.5 0.2 0.3
2 87.1 0.4 0.4 0.4 0.4 0.4 0.2 0.6 0.2 2.4 0.6 0.6 0.4 0.4 0.2 0.2 3.0 0.2 0.4 0.8 0.4 0.4
3 1.0 0.8 82.3 0.2 0.8 1.2 1.0 0.2 0.6 1.0 0.2 0.4 0.8 0.8 1.2 0.2 0.8 0.2 1.0 0.2 0.8 0.6 3.6
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10 0.6 1.7 0.3 0.3 0.6 0.6 93.5 0.3 0.3 0.3 0.3 0.3 0.8 0.3
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14 0.5 0.7 0.2 0.4 0.2 0.2 0.7 0.2 0.5 1.4 0.5 91.8 0.4 0.2 0.4 0.7 0.2 0.4 0.2 0.4
15 0.2 0.4 0.2 0.4 0.4 0.4 0.5 0.5 0.7 0.7 0.7 0.7 0.4 90.1 0.5 0.7 0.4 0.7 0.2 0.2 0.7 0.4 0.2
16 0.5 0.9 1.8 0.5 0.7 0.4 0.4 0.4 0.2 0.5 0.4 0.9 0.7 89.0 0.4 0.2 0.5 0.4 0.5 0.2 0.7
17 0.5 0.2 0.2 0.3 0.2 0.3 0.2 93.0 0.2 0.5 0.7 0.2 3.7
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21 0.9 0.3 0.6 0.9 0.9 0.3 0.3 0.6 0.9 0.6 0.3 1.6 0.9 89.8 0.3 0.3 0.3
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23 0.2 0.5 1.0 0.5 0.2 0.5 0.5 0.2 0.2 0.5 0.2 2.9 0.5 91.6 0.5
24 0.4 0.4 0.8 1.7 0.4 0.4 0.4 0.4 0.4 94.6
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5 7 14 11 8 12 9 2 1 21 16 4 15 13 - 10 17 19 18 - 20 6 - 3
1 97.0 0.1 0.1 0.3 0.3 1.5 0.1 0.1 0.4
2 0.2 94.5 0.2 0.8 0.2 0.2 1.2 0.4 0.2 0.2 0.2 0.6 1.0
3 0.4 0.2 95.6 0.2 0.2 0.2 0.4 0.2 0.2 0.4 0.2 1.3 0.2 0.2 0.2
4 0.7 95.5 0.9 0.3 0.2 0.2 0.2 0.5 0.5 0.2 0.2 0.7
5 2.2 0.2 94.8 0.2 0.4 0.2 0.4 0.2 1.1
6 0.6 0.6 96.2 0.2 0.2 0.3 0.9 0.2 0.3 0.5
7 0.2 1.2 0.5 95.6 0.3 0.3 0.5 0.2 1.3
8 1.4 1.0 0.2 1.2 0.8 1.0 91.1 0.8 0.2 0.2 0.8 0.2 1.4
9 0.2 0.6 0.3 95.6 0.2 2.0 0.6 0.2 0.2 0.2 0.2
10 0.4 3.4 0.4 1.3 88.7 0.4 0.8 2.5 0.4 0.8 0.4 0.4
11 0.3 1.7 0.3 0.3 0.3 0.3 0.6 0.3 0.3 89.5 0.3 4.4 0.3 0.3 0.3 0.8
12 0.3 2.4 0.6 0.3 96.4
13 0.4 2.8 0.4 0.4 2.4 1.2 89.3 0.4 0.4 1.2 0.8 0.4
14 0.8 0.2 0.2 0.2 0.2 0.3 0.2 0.2 96.9 0.8 0.2
15 0.2 0.2 0.6 0.2 0.6 86.7 0.4 0.2 0.4 10.1 0.6
16 0.2 1.8 0.2 0.2 0.6 96.7 0.2 0.2 0.2
17 0.2 0.2 0.2 0.4 0.4 0.4 98.0 0.2 0.2
18 0.6 0.6 1.2 1.4 0.3 0.3 95.7
19 0.3 0.5 0.8 0.5 1.5 0.3 93.7 2.5
20 0.3 0.3 0.3 0.3 0.3 87.5 0.3 0.3 0.3 2.0 4.6 0.6 0.3 2.6
21 2.7 4.0 1.3 1.3 1.3 4.0 8.0 4.0 72.0 1.3
22 0.7 0.7 7.0 1.0 0.3 1.4 0.3 0.3 88.1
23 0.6 0.6 0.3 0.3 1.3 0.3 0.3 0.3 5.0 90.9
24 0.4 0.8 98.9
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Figure 2. Oxford grids depicting syntenic regions between red snapper and 3 model 
species 
Red snapper linkage groups are listed on the ordinate and the corresponding chromosomes of the comparison species are arranged on 
the abscissa. The percentage of red snapper sequences within a red snapper linkage group aligning to the chromosomes of the model 
species are given in the boxes of the Oxford grid. Comparisons between red snapper and (A) medaka (Oryzias latipes), (B) green 
spotted puffer (Tetraodon nigroviridis), (C) zebrafish (Danio rerio) are shown. 
Discussion 
This work aimed to develop and characterize genomic resources for the red 
snapper Lutjanus campechanus. A high-density linkage map was generated and used to 
anchor a draft genome sequence assembly, establishing, to our knowledge, the first draft 
reference genome for a lutjanid fish. The first step of the project focused on partial 
genome sequencing and assembly in order to establish reference genome contigs. The 
obtained assembly spans an estimated 56% of the red snapper genome and includes over 
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76 k contigs with a N50 value of 14 kb. Large numbers of contigs and a modest N50 
value are common features of many first iterations of animal draft genomes. Factors 
impacting the efficiency of the assembly process include genome heterozygosity and the 
abundance of repetitive elements (Fierst, 2015; Miller et al., 2010; Treangen and 
Salzberg, 2011; Vinson et al., 2005). In teleosts, the proportion of repetitive DNA in the 
genome varies widely among species (range: 7-56%) and is positively correlated with 
genome size (Gao et al., 2016). Comparing the genome sizes of several fish (Volff, 2005) 
to their reported fractions of repetitive DNA (Gao et al., 2016) indicates a very strong 
relationship between these two variables (Appendix Table A3, Appendix Figure A2). 
These data suggest over 40% of the estimated 1,369 Mb red snapper genome is expected 
to be composed of repetitive DNA. However, only 2.15 Mb of repeats were detected 
during screening of mapped genome contigs, corresponding to approximately 2.28% of 
the portion of the assembly positioned on the map. The low representation of repetitive 
elements in the current assembly suggests that a potentially large fraction of the genomic 
data missing from the current assembly are repetitive elements and account for the high 
fragmentation observed in this work. Difficulties in assembling the red snapper genome 
are also likely due to the high heterozygosity typical of marine fishes and reported in all 
the previous genetic studies in this species (Gold and Saillant, 2007; Saillant et al., 2010). 
High degrees of fragmentation are commonly reported in assemblies based solely 
on short sequencing reads (i.e. those produced via Illumina Sequencing by Synthesis 
technology). In this work, long reads from paired-end P-454 pyrosequencing with two 
insert sizes (3 kb and 20 kb) were used in conjunction with short reads (Illumina 2x100 
paired-end) in order to improve the assembly process (Schatz et al., 2010), but the 
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obtained hybrid dataset still yielded a large number of contigs of relatively small size. A 
main priority for the future development of the red snapper reference genome is to 
increase genome coverage and reduce fragmentation. The production of long, continuous 
DNA sequencing reads (averaging 10-15 kb in length) using Pacific Biosciences 
(PacBio) Single Molecule Real-Time (SMRT) technology has proved critical for the 
correction of misassembled repetitive regions and for closing gaps in assemblies 
(Richards and Murali, 2015) and may be incorporated in future sequencing efforts.  
 Considering the fragmented draft genome resulting from sequencing as discussed 
above, pairing the assembly to a high-density linkage map is the appropriate way to 
anchor contigs and scaffolds onto chromosomes for their use in interpretation of genome 
scans or in comparative studies of genome organization (Shao et al., 2015). In this work, 
this pairing was achieved by using the genome contigs produced during the assembly as a 
reference to map RAD-sequencing reads generated during sequencing of parent and 
offspring members of mapping families. The SNPs discovered were in consequence 
directly mapped on the draft assembly allowing anchoring genome contigs onto linkage 
groups. 
Linkage Map Construction and Characteristics 
 Genotyping effort included both SNP loci discovered and genotyped using 
ddRAD sequencing technology and 97 microsatellite markers. All 10 parents and 291 
offspring (51-60 offspring per family) were assayed at the two classes of markers. 
ddRAD sequencing yielded a total of 866.1 million filtered reads. Screening of reads for 
SNPs resulted in 8,840 filtered loci that were evaluated for linkage in Lep-MAP2. After 
removing error prone markers, the final red snapper linkage map included 7,964 SNP and 
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microsatellite loci distributed over 24 linkage groups. While there is no report on the 
number of chromosomes in red snapper to date, karyotypes produced in other lutjanids 
have consisted of 24 chromosome pairs (Rocha and Molina, 2008), congruent with the 
finding of 24 linkage groups in red snapper. The sampling and filtering strategies used 
during construction of the map resulted in an average of 103 informative meioses 
available per locus (range: 72-241), providing an average potential resolution of 0.97 cM 
(range: 0.41-1.38 cM). As this value exceeds the marker density at 0.33 cM, inferences 
on marker order are limited when distances between markers are smaller than the 
resolution achieved by the dataset.   
 Sex-specific maps were generated based on partial datasets accounting for 
recombination observed in gametes of the male and female parents respectively. The 
female map was substantially longer than the male map with an average female to male 
map length ratio of 1.43:1. Discrepancies between male and female map lengths appear 
frequently in the literature, particularly among the fishes (Liu et al., 2012) and are 
attributed to sexually dimorphic patterns of recombination, a phenomenon termed 
heterochiasmy (Burt et al., 1991). The value of the average female-to-male map length 
ratio in red snapper is within the range reported in several other fish species, including 
Atlantic salmon (1.38:1, Lien et al., 2011), silver carp (1.52:1, Guo et al., 2013), 
European sea bass (1.60:1, Chistiakov et al., 2005), and rainbow trout (1.68:1, Rexroad et 
al., 2008). As discussed by Li et al. (2015), theories proposed to explain recombination 
bias between sexes are multiple and include stronger selective pressures impacting male 
gametes (Lenormand and Dutheil, 2005), or selection acting on the efficacy of meiotic 
drive (Brandvain and Coop, 2012). The average pattern of increased recombination rates 
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in females was not shared by all linkage groups, however. Female to male map length 
ratios ranged from 0.72:1 to 2.39:1 and 3 LGs (11, 13 and 22) showed ratios lower than 
1.0. Comparable ranges have been reported in channel catfish (0.97:1 to 2.50:1, Li et al., 
2014) and bighorn sheep (0.84:1 to 1.35:1, Poissant et al., 2010). A practical consequence 
of these substantial and complex differences between sexes in recombination rates is that 
inferences based on sex-specific maps may be preferable when possible. 
Anchoring the Draft Genome 
The linkage map was used to evaluate the initial assembly for potential errors. 
Misassembled contigs may occur in genomic regions rich in repetitive DNA, in particular 
when heterozygosity is high (Treangen and Salzberg, 2011). Detecting and resolving 
these assembly errors remains a central challenge in the production of draft genomes. 
Comparing assembled contigs to a high-density linkage map offers an independent 
measure of the assembly’s validity in that loci in proximal locations on genome contigs 
are expected to show near identical mapping position on the linkage map (Fierst, 2015). 
Evaluating the red snapper assembly in light of the information obtained from linkage 
mapping revealed that 787 contigs possessed adjacent SNPs separated by an estimated 
distance greater than the minimal detection threshold of this dataset (1.39 cM). Because 
the physical distance between SNPs occurring on the same red snapper contig was less 
than 157,915 bp, the size of the largest genome contig (and in most cases less than a few 
thousand bp), the probability of observing recombination events between these loci was 
expected to be close to zero, suggesting that these contigs had been misassembled. 
Though the inconsistences between contig sequences and the mapping positions of their 
SNPs could be attributed to errors in the construction of the linkage map, a conservative 
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approach was taken and all contigs harboring potential inaccuracies were split at the 
offending markers. A similar strategy was recently applied in evaluation of assemblies 
for Pacific oyster (Hedgecock et al., 2015), channel catfish (Y. Li et al., 2015) and rubber 
tree (Shearman et al., 2015). Hedgecock et al. (2015) focused on correcting scaffolding 
errors by identifying scaffolds anchored to multiple linkage groups and found that38.5% 
of the mapped Pacific oyster scaffolds carrying two or more markers were putatively 
misjoined. Li et al. (2015), while reviewing the linkage group assignments of loci from 
multi-SNP contigs in channel catfish, found 0.08% of mapped SNPs to be in 
disagreement with original linkage group designations. Similarly, Shearman et al. (2015) 
reported that 0.1% of the mapped rubber tree contigs contained SNPs separated by more 
than 10 cM within the same linkage group. The threshold of 1.39 cM applied to the red 
snapper draft genome was much lower than in these studies in part due to the small size 
of genome contigs in the current assembly, and also in order to minimize risks of errors 
in future uses of the current reference genome for analysis of genome scans.  
Genome Comparisons 
The integrated map and genome assembly was used to perform a comparative 
genomic analysis between red snapper and 3 model species, the zebrafish, the medaka 
and the green spotted puffer. While red snapper displayed synteny with each of the 3 
model species, the highest similarity was with medaka. The most recent common 
ancestor of medaka, green spotted puffer and zebrafish (hereafter referred to as the MTZ-
ancestor) underwent 8 major chromosomal rearrangements within just 50 million years of 
the teleost-specific whole genome duplication event (Kasahara et al., 2007). It is 
hypothesized that the original arrangement of the MTZ-ancestor has been preserved in 
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medaka (Kasahara et al., 2007) which led to the proposal that medaka represents the 
evolutionarily basal chromosomal condition of the teleost genome, making it an 
informative comparison species. No major rearrangements were observed between 
medaka and red snapper, with each red snapper linkage group finding a strongly 
supported homologous chromosome in medaka (Figure 2). This high degree of synteny 
suggests that red snapper also shares the basal karyotype of the MTZ-ancestor.  
 Though red snapper displayed a higher degree of homology with medaka, linkage 
groups inferred in this study had stronger one-to-one relationships with green spotted 
puffer chromosomes. On average, higher proportions of red snapper sequences were 
found to be in common with green spotted puffer chromosomes, reflecting the closer 
phylogenetic relationship between green spotted puffer and red snapper relative to that of 
red snapper and medaka. Three fusion events have been proposed to have occurred since 
green spotted puffer split from medaka 184-198 million years ago, resulting in a haploid 
chromosome count of 21 (Kasahara et al., 2007). Syntenic analyses between medaka and 
green spotted puffer show that these fusions correspond to chromosomes 1, 2, and 3. 
Similar results were seen in red snapper (Figure 2) involving linkage groups orthologous 
to these three medaka chromosomes.  
 Unlike medaka, the zebrafish has undergone multiple chromosomal 
rearrangements since its lineage diverged from the MTZ-ancestor 314-332 million years 
ago (Kasahara et al., 2007); in consequence, few syntenic blocks are found during 
genomic comparisons of these two species. This study showed that there was little 
agreement between red snapper and zebrafish as well, a result consistent with the high 
homology observed between red snapper and medaka.   
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In conclusion, the integration of red snapper draft genome sequences and a high-
density linkage map resulted in the production of first draft reference genome for a 
lutjanid, the red snapper Lutjanus campechanus. This resource will serve as a framework 
for future applied genomic studies in the red snapper and for expanding the resource 
towards a full reference for this species. The anchored draft sequence was applied in a 
comparative analysis of genome organization between red snapper and three model 
teleosts. The high degree of homology observed between red snapper and medaka 
supports the validity of the current draft assembly and suggests the hypothesized basal 
teleost karyotype is preserved in red snapper.  
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CHAPTER IV – APPLICATION OF HIGH-DENSITY GENOME SCANS TO THE 
ANALYSIS OF POPULATION STRUCTURE IN RED SNAPPER 
Introduction 
Understanding spatial population structure and delineating appropriate units for 
management is one of the main current issues in marine fisheries conservation (Carvalho 
and Hauser, 1995; Hauser and Ward, 1998). A common assumption regarding population 
structure of marine species is that connectivity is occurring across large distances due to 
the high dispersal capability of organisms and the open nature of the marine habitat 
(Avise, 1998). However, this predicted lack of structure has been challenged in a number 
of marine species (Hauser and Carvalho, 2008).  
High-resolution genome scans generated by next-generation sequencing 
techniques have vastly increased the power of genetic studies for recognizing subtle 
population structure in cryptic marine species when compared to conventional methods 
(Funk et al., 2012; Nielsen et al., 2009). The genome-wide distribution of SNPs coupled 
with the large number of markers included in datasets generated by these high-throughput 
methods allow detecting genomic regions involved in adaptive differentiation when they 
exist (Allendorf et al., 2010; Russello et al., 2012). These regions can be used to infer 
genetic population structure that previously went undetected because genetic 
characterization was limited to a small number of neutral markers. Also, the power for 
testing genetic homogeneity among samples and the precision of estimates of population 
parameters quantifying divergence such as FST are both improved when large numbers of 
loci are available (Allendorf et al., 2010). The increasing accessibility of genomic 
resources has led to the deployment of dense genomic scans in multiple non-model 
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species, including several marine fishes. Genomic approaches have been used to resolve 
fine-scale population structure in Atlantic salmon (Bourret et al., 2013), identify genomic 
regions putatively associated with adaptive variation in Atlantic cod (Bradbury et al., 
2013), sockeye salmon (Russello et al., 2012) and lake whitefish (Renaut et al., 2012) and 
obtain unbiased estimates of effective population size (Ne) in Chinook salmon (Larson et 
al., 2014).       
Another species warranting evaluation with high-density genome scans is the red 
snapper. Disparities among reported phenotypic, behavioral and genetic characteristics 
suggest that the red snapper population in the United States (U.S.) is complex, shaped by 
historical and present-day determinants such as glacial advance and retreat, habitat 
deterioration and size-selective fishing mortality (Pruett et al., 2005). Significant regional 
differences in several life history traits have been found within the U.S. red snapper 
population. Individuals collected from Alabama and southern Texas exhibit maturity at a 
younger age as compared to those from other localities in the northern Gulf of Mexico 
(Kulaw, 2012; Woods et al., 2003), while the fecundity and spawning frequency of red 
snapper sampled from the northern Gulf of Mexico and Atlantic coasts of Florida differ 
(Brown-Peterson et al., 2009). Differences among regional populations in growth patterns 
have also been documented, with red snapper from Texas growing at a faster rate but 
attaining a smaller maximum size than their conspecifics from the northeastern Gulf of 
Mexico (Fischer et al., 2004; Saari et al., 2014). In the presence of gene flow, such 
phenotypic differences may represent a plastic response to regional variation in 
environmental conditions and/or fishing regulations, but they may also reflect adaptive 
genetic structuring and local adaptation, particularly if connectivity is limited.  
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Tag-recapture and ultrasonic telemetry studies suggest adult and juvenile red 
snapper show relatively strong site fidelity (Burns et al., 2004, 2008; Fable, 1980; 
Szedlmayer, 1997; Szedlmayer and Shipp, 1994, but see Patterson et al., 2001). However, 
like many other marine reef fishes, red snapper employ a broadcast spawning strategy 
consisting of large clutches of eggs dispersed during an extended pelagic phase (up to 4 
weeks; Gallaway et al., 2009), promoting connectivity among geographic populations. 
Modelling of the transport of red snapper eggs and larvae based on ocean drifters and 
moored currents data has indicated that dispersal is not uniform across the Gulf and 
physical impediments such as the Mississippi River and the directionality of prevailing 
surface currents likely prevent successful genetic exchange between eastern and western 
Gulf localities (Johnson et al., 2009). Additionally, the extent of biologically relevant 
larval dispersal in marine reef fish with similar dispersal potential to that of the red 
snapper has been estimated to be in the range of 100-200 km (Cowen et al., 2006), 
implying that direct connectivity between regional populations separated by greater 
distances within the Gulf, or between Gulf populations and those located along the East 
Coast of the U.S. is limited. 
Early genetic studies employing microsatellite and mitochondrial DNA markers 
did not detect significant heterogeneity in allele/haplotype frequencies among localities 
(Camper et al., 1993; Gold et al., 1997, 2001; Heist and Gold, 2000), but significant 
differences in contemporaneous Ne were noted in Texas, Alabama and Louisiana 
localities (Saillant and Gold, 2006) and global estimates of long-term Ne of red snapper 
sampled from the eastern Gulf and Atlantic coast were significantly larger than 
constituent local estimates (Hollenbeck et al., 2015), patterns indicative of population 
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subdivision (Waples, 2010). Additionally, Saillant et al. (2010) documented significant, 
positive spatial autocorrelation of microsatellite genotypes in young-of-the-year red 
snapper collected within 50-100 km of one another, providing evidence of non-random 
association of genotypes in the northern Gulf of Mexico and structuring according to an 
isolation by distance pattern. Pruett et al. (2005) proposed discrepancies between genetic 
data and phenotypic and behavioral observations could arise if red snapper in the U.S. 
comprise a metapopulation following the model described by Kritzer and Sale (2006). 
According to this hypothesis, partially isolated assemblages of red snapper could attain 
demographic independence in the short term, but remain connected through periodic gene 
flow over the long term (Pruett et al., 2005). Because homogenizing allele frequencies at 
neutral markers only requires a small number of migrants each generation, traditional 
analytical methods may not be capable of identifying local populations from the larger 
metapopulation network. Based on these limitations, several studies have recommended 
evaluating non-neutral loci potentially associated with adaptive traits to better determine 
the population structure of red snapper (Pruett et al., 2005; Saillant and Gold, 2006). 
Because adaptive traits and associated genetic loci are a priori unknown, screening red 
snapper stocks for signatures of such divergent selection requires characterizing 
populations using high-density genome scans. 
Another question relevant to the assessment of northern red snapper populations 
is the connectivity with red snapper stocks located in the Caribbean region and South 
America. Red snapper occuring south of the Gulf of Mexico were categorized as a 
separate species, L. purpureus, by Poey in the mid-1800s (Allen, 1985). However, 
morphological similarities and overlapping geographic ranges prompted Cervigón (1993) 
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to propose that northern and southern red snapper represent two divergent populations of 
the same species. A phylogenetic tree built from mitochondrial DNA control region 
haplotypes of red snapper sampled from several localities within the U.S. and Brazil 
showed an unresolved polytomy between the two species (Gomes et al., 2008). A second 
study using a larger portion of the mitochondrial control region reported similar findings, 
but also noted significant differences in haplotype distributions between L. campechanus 
and L. purpureus corresponding to a relatively large level of divergence (CT estimate 
0.236) suggesting demographic independence between the two taxa (Gomes et al., 2012). 
The deployment of high-density genome scans, as discussed above, would allow 
quantifying gene flow between southern and northern red snapper and also clarifying 
their taxonomic and conservation status by determining if the divergence between the two 
groups is driven by local adaptation or if it is primarily a product of limited dispersal due 
to geographical separation (e.g. an isolation by distance model, IBD).    
The objective of this work is to apply high-density SNP-based genome scans to 
investigate population structure among U.S. and South American populations of red 
snapper. The high marker density acquired through this approach, as compared to all 
previous studies of red snapper, is not only expected to improve estimates of FST and 
other neutral metrics, but will also allow the identification of genomic regions putatively 
under selection, providing a more in-depth look into the cryptic population structure of 
this species. 
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Materials and Methods 
Sampling 
Tissue samples were obtained from sub-adult and adult northern red snapper (L. 
campechanus) collected in four U.S. regional populations (Figure 3). Samples from one 
geographic population of the southern red snapper (L. purpureus) were provided by Dr. 
Reynal (IFREMER La Martinique). 
 
Figure 3. Map of sampling localities 
This map displays the locations sampled for the study of population structure in L. campechanus and L. purpureus. 
The four U.S. localities sampled were chosen in order to document divergence 
between regional populations separated by hypothesized barriers to gene flow for red 
snapper and/or the possible local adaptations that may occur in these subpopulations as 
suggested by reported differences in phenotypes (life history traits) and environmental 
conditions. Samples of northern red snapper were obtained from offshore of Port Aransas 
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in south Texas (TX, USA), Orange Beach, Alabama (AL, USA), Tampa Bay, Florida 
(FL, USA), South Carolina (SC, USA). Samples of southern red snapper were collected 
offshore of French Guiana (FG). Samples from French Guiana, Texas and Alabama were 
collected by hook and line during fishery dependent sampling. Samples from South 
Carolina and Florida were collected by trapping during reef fish monitoring surveys of 
the Florida Fish and Wildlife Research Institute for Florida and the MARMAP survey of 
the South Carolina Department of Natural Resources for South Carolina. Fish ranging in 
size between 500 and 700 mm were collected. Examination of the size and age 
distribution of red snapper in the different regional populations sampled indicated that 
focusing sampling on this size range would be expected to yield a large majority of 4- to 
7-year-old fish (Saari et al., 2014). Tissue clips were obtained from the caudal or pectoral 
fin and preserved in a 20% DMSO salt-saturated fixative (0.5 M EDTA, 20% Dimethyl 
sulfoxide, NaCl, ddH20). Samples acquired from SC were stored in a sarkosyl urea lysis 
buffer (1% N-lauroylsarcosinate, 20 mM NaPO4, 8 M urea, 1 mM EDTA). The phenol-
chloroform method (Sambrook et al., 1989) was applied to extract whole genomic DNA 
from the fin clips. The quantity and purity of the obtained DNA was determined on a 
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Samples were then run 
on a 1% agarose gel to determine if DNA was degraded. Sixty samples per locality were 
selected based on DNA quality and concentration and standardized to 50-70 ng.µl-1 with 
Tris-HCl (10 mM, pH 8.0).  
Double-Digest RAD-Tag Sequencing 
Protocols for double-digest RAD-Tag sequencing (ddRAD-Seq) library 
preparation were adapted from Baird et al. (2008) and Peterson et al. (2012). Whole 
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genomic DNA (0.5 to 0.9 µg) was digested with Sau3AI (7.5 units, New England Biolabs 
Inc., Ipswitch, MA, USA; NEB) and SPEI (3.75 units, NEB) at 37ºC for 1 h. Restriction 
enzymes were heat-inactivated at 65ºC for 15 min before ligating sample-specific 
Illumina adapters to the digested fragments with 400 units of T4 Ligase (NEB) at 16ºC 
for 30 min. Adapter pairs were synthesized with unique 6 bp barcodes that allowed the 
identification of individual samples after multiplex sequencing. Each adapter pair also 
included a degenerate 8 bp unique molecular identifier (UMI) used to mark PCR 
duplicates for removal post-sequencing (Schweyen et al., 2014). A 0.65x ratio of 
Agencourt AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA) was applied to the 
samples to remove segments smaller than 250 bp from the libraries. Ligated fragments 
were selectively amplified using a polymerase chain reaction (PCR), conducted in a 
volume of 25 µl and consisting of 1X of Taq 2X Master Mix (NEB) and 5 pmol of 
forward and reverse primers. The thermal cycling protocol consisted in an initial 
denaturation step of 3 min at 95ºC, followed by 30 amplification cycles each consisting 
of 95ºC for 30 s, 55ºC for 30 s, and 72ºC for 30 s, and a final 7 min extension step at 
72ºC. PCR products were combined according to lane (31 individuals sequenced per 
Illumina flow-cell lane) and purified with Agencourt AMPure XP beads (0.65x). The 
pool was size-selected on a PippinPrep (2% agarose gel cartridge, Sage Science, Beverly, 
MA, USA) to collect fragments ranging in size between 300 and 500 bp in the eluate. A 
final purification step was performed using a 1.8x ratio of Agencourt AMPure XP beads 
to prepare the library for 2x100 paired-end sequencing on the Illumina HiSeq2000 
platform at the University of Colorado Denver School of Medicine (Aurora, CO, USA).  
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SNP Discovery, Genotyping and Filtering 
Low confidence base calls (Phred score < 30) were iteratively removed from 
paired-end reads, beginning with the last base in each sequence. Both the forward and 
reverse reads in a pair were discarded if either fell below 75 bp in length during the 
trimming procedure. PCR duplicates were identified as identical sequences sharing the 
same 8 bp UMI. One pair of reads was retained from each duplicate set. The bash 
wrapper dDocent (Puritz et al., 2014) was used to perform the following bioinformatics 
treatments. First, sequenced adapter dimers were removed from the dataset by 
TrimGalore! (available at http://www.bioinformatics.babraham.ac.uk /projects/ 
rim_galore/). Filtered reads were then mapped against the red snapper draft genome 
(assembled in Chapter III of this work) with BWA-MEM (Li, 2013). Finally, Single 
Nucleotide Polymorphisms (SNPs) and insertion/deletions (INDELs) were identified 
within the mapped sequences using the Bayesian variant caller FreeBayes (Garrison and 
Marth, 2012). 
 The following filtering strategy was applied to the variant dataset obtained from 
FreeBayes to select SNPs for population genetic analyses. First, multiallelic SNPs, 
INDELs, SNPs covered by fewer than 10 reads or more than 75 reads and SNPs having a 
site quality score below 30 as determined by FreeBayes were removed from the dataset. 
SNPs supported by both forward and reverse reads were then excluded as they potentially 
arose from mapping errors that occurred during SNP discovery. Individual genotypes 
with a likelihood lower than 0.99, as estimated in FreeBayes, were recoded as missing 
data. Within populations, SNPs called in fewer than 50% of the individuals were 
discarded and individuals missing more than 75% of the filtered SNPs were removed 
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from further analysis. The conformance of genotype proportions to Hardy-Weinberg 
expectations was tested in each population using exact tests as described by Wigginton et 
al. (2005) and implemented in VCFtools software version 0.1.41 (Danecek et al., 2011). 
The significance of probability values was determined after controlling for a false 
discovery rate of 5% by applying the Benjamini-Hochberg (Benjamini and Hochberg, 
1995) correction procedure; SNPs significantly deviating from Hardy-Weinberg 
equilibrium expectations were eliminated. To be retained in the final dataset, SNPs were 
required to have a minimum allele frequency of 0.05 in at least one of the 5 populations. 
Finally, SNP loci were included in the dataset if genotypes could be called in at least 75% 
of the total sampled individuals. All SNP genotypes were combined into one Variant Call 
Format (VCF) file using the CombineVariants module of the Genome Analysis Toolkit 
(GATK; DePristo et al., 2011; McKenna et al., 2010; Van der Auwera et al., 2013). The 
program PGD Spider version 2.0.9.1 (Lischer and Excoffier, 2012) was used to convert 
the final dataset to formats required for the following analyses.  
Population Structure 
Differentiation among populations (FST) was estimated as Weir and Cockerham’s 
Θ (Weir and Cockerham, 1984) as implemented in Genepop version 4.5.1 (Rousset, 
2008). The probability that Θ was different from zero was determined using exact tests in 
Genepop version 4.5.1 (Rousset, 2008) under the following Markov chain parameters: a 
dememorization number of 1,000, 100 batches and 1,000 iterations per batch. Estimates 
of Θ between pairs of populations were used in a Mantel test of the correlation between 
genetic and geographic distance (Mantel, 1967; Smouse et al. 1986) with the program 
Genepop version 4.5.1 (Rousset, 2008). The quantity FST/(1-FST) was used as a measure 
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of genetic distance as recommended by Rousset (1997) and geographic distance between 
localities was calculated assuming a one dimensional dispersal model of red snapper 
occurring along the continental shelf. 
The program fastSTRUCTURE (Raj et al., 2014), was used to infer structure 
within the dataset and estimate the ancestry of sampled individuals. fastSTRUCTURE 
uses the base model implemented in the STRUCTURE software (Pritchard et al., 2000; 
Falush et al., 2003, 2007; Hubisz et al., 2009) and, as previous versions of STRUCTURE, 
aims to optimize the posterior probability of admixture coefficients and assignment of 
alleles to population clusters by minimizing departure from Hardy-Weinberg equilibrium 
and linkage disequilibrium within cluster, while accounting for correlated allele 
frequencies among sub-populations. Optimization is based on Variational Bayesian 
inference allowing reduced computation times and handling of large datasets. Two 
approaches were employed to determine the optimum number of population clusters (K) 
for the dataset. The first estimate of K, 𝐾𝜀
∗, is equal to the model complexity that 
maximizes the marginal likelihood of the dataset (Raj et al., 2014) and is most accurate 
when the signal of structure is strong (Raj et al., 2014). 𝐾∅∁
∗ , the second value, represents 
the limiting value, as K increases, of the smallest number of model components that 
accounts for most of the ancestry in the sample and is best suited in cases of weak 
differentiation among populations (Raj et al., 2014). To find the optimal value of K for 
the dataset, fastSTRUCTURE was run at each of the possible K values (1 to 5) 30 times 
to generate a range and distribution of plausible K values as suggested by Raj et al. 
(2014). The K value was selected from the modes of the obtained distributions for 𝐾𝜀
∗ and 
𝐾∅∁
∗ , and the program was re-run 100 times using the logistic prior to derive estimates of 
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admixture proportions and ancestry assignments. The Q-values of the 25 replicates with 
the highest posterior probabilities were averaged and the results were plotted using the 
script fastStructurePlotting.R (available from Mikhail Matz at 
http://www.tinyurl.com/hfx5euk).  
Identification of Candidate Loci Under Selection 
Outlier loci were detected using the program BayeScan version 2.1 (Foll and 
Gaggiotti, 2008). For each locus, the posterior probability of a model that includes a 
locus-specific component () of FST was compared to that of a neutral model that only 
includes a population component () of FST shared by all loci. The significance of  was 
determined by comparing the ratio of the posterior probabilities describing the two 
models (posterior odds, PO) to threshold values that restrict the false discovery rate to 
0.05 in BayeScan (Foll and Gaggiotti, 2008). A positive value of  is indicative of 
divergent selection while balancing or purifying selection is inferred for loci displaying 
significant negative values of  (Foll and Gaggiotti, 2008). Posterior probabilities were 
computed accounting for a prior odds parameter that a priori sets the probability that a 
locus is neutral in a Bayesian framework. An intermediate prior odds value of 100 was 
chosen for this study based on recommendations of Foll (2010) for identification of 
outlier loci within moderately large datasets. The program was run on the full dataset as 
well as on the partial dataset consisting of northern red snapper populations (northern 
Gulf of Mexico and U.S. East Coast) only. 
Identification of Genomic Regions Under Selection by Sliding Window FST Analysis 
A moving average approach was applied to identify candidate genomic regions 
undergoing diversifying or balancing (or purifying) selection using the high-density 
 57 
linkage map developed for red snapper in Chapter III of this work. The genome contigs 
used to map SNPs in this study were positioned on red snapper linkage groups using 
ALLMAPS (Tang et al., 2015); SNPs located in these contigs were used to calculate 
average FST values in 3 cM windows that were moved across linkage groups in 1 cM 
increments. Windows containing fewer than 2 SNPs were ignored. FST averages within 
windows were smoothed with a Gaussian kernel as described in Hohenlohe et al. (2010). 
Significance was determined by averaging n FST values, sampled at random with 
replacement from the genome-wide dataset, where n equaled the number of SNPs 
appearing in the original window. The random average was smoothed. The bootstrap 
resampling procedure was repeated 100,000 times to create a null distribution of FST 
estimates for a random sample of n SNP loci. The average FST observed for each window 
was then compared to the 95th and 5th quantile of the distribution to determine support for 
divergent (FST > 95% percentile) or balancing (FST < 95% percentile) selection, 
respectively. Regions with average FST values within the 5%-95% percentile interval but 
greater than the 90th or less than the 10th quantile were considered borderline significant. 
In these cases, the null distribution was recreated using 1,000,000 replicates to improve 
accuracy around the distribution tails and the comparison was repeated. The sliding 
window analysis was performed for all pairwise population comparisons.  
SNPs within windows significant in 3 or more pairwise comparisons of U.S. 
localities were evaluated using two multivariate analyses. fastSTRUCTURE (Raj et al., 
2014) was applied as described above to determine individual ancestry at the identified 
markers. A principal component analysis (PCA) was also employed to visualize distinct 
population clusters using PLINK version 1.9 (Chang et al., 2015). 
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Effective Population Size 
Linkage disequilibrium (LD) analysis (Hill, 1981) was applied to estimate the 
effective sizes of populations at each of the 5 localities sampled in the study. The bias-
corrected estimate developed by Waples (2006) was computed based on multilocus 
genotypes in the program NeEstimator (Do et al., 2014). Given that the LD method in its 
current implementation assumes that linkage disequilibrium in the data reflects the effects 
of genetic drift alone, the inclusion of physically linked markers is expected to confound 
the direct inference of Ne. A beta version of NeEstimator that allows incorporating 
information on physical linkage was graciously provided by Robin Waples (personal 
communication, 2015). Only markers that could be placed on the red snapper linkage 
map were used to estimate Ne, and in order to control for the effects of physical linkage, 
comparisons involving SNPs placed on the same linkage group were omitted. Loci with 
frequencies less than 2% were binned to generate estimates considering the available 
sample size (57 < n < 60) for each population. 
Results 
Double Digest RAD-Tag Sequencing and SNP Discovery 
ddRAD-sequencing was completed for the 300 sampled individuals and yielded 
over 1.65 billion raw sequencing reads. The number of raw reads per individual ranged 
from 684,251 to 15,400,055 and averaged 5,477,219. A total of 5,514,051 variants were 
discovered by FreeBayes across all samples. After discarding multiallelic loci, INDELs, 
and SNPs showing signs of low quality such as low coverage, low genotype likelihood or 
high proportions of missing data, the number of variants per locality was 190,640, 
75,173, 239,307, 58,118 and 89,184 in FG, TX, AL, FL and SC, respectively. Tests of 
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conformance of genotypic proportion to Hardy-Weinberg equilibrium expectations within 
populations revealed significant departures at 4,971 loci after FDR correction; the 
departing loci were omitted from further analyses. Six individuals, originating from TX 
(2), FL (1) and SC (3), had missing genotypes at more than 75% of the loci called within 
their respective population of origin and were therefore removed from further analysis. 
SNPs were discarded from the obtained dataset if the proportion of missing genotypes 
among the sampled individuals was greater than 25% or the minor allele frequency 
(MAF) was less than 0.05 in all 5 localities, resulting in a final dataset consisting of 6,890 
biallelic SNPs and 294 individuals. 
Population Structure 
Exact homogeneity tests revealed significant difference in allele frequencies 
among localities (P < 0.0001). The overall estimate of Weir and Cockerham’s Θ was 
0.0899 and reflected for a large part divergence of the FG sampling population from 
northern localities (TX, AL, FL, and SC). Pairwise homogeneity tests comparing FG and 
these 4 localities were all highly significant and corresponding Θ estimates ranged 
between 0.1881 and 0.1883 (Table 3). In contrast, Θ estimates between U.S. populations 
(TX, AL, FL and SC) ranged from 0.0006 to 0.0023, 2 to 3 orders of magnitude lower 
than those involving FG (Table 3). The Mantel test indicated that the correlation between 
genetic and geographic distance was not significantly greater than zero (P > 0.05). 
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Table 3  
Pairwise FST values of sampled localities 
  FG TX AL FL SC 
FG - <0.0001 <0.0001 <0.0001 <0.0001 
TX 0.1883 - <0.0001 <0.0001 1.0000 
AL 0.1881 0.0022 - <0.0001 <0.0001 
FL 0.1888 0.0010 0.0023 - <0.0001 
SC 0.1883 0.0006 0.0023 0.0015 - 
 
Pairwise FST values presented on the lower diagonal; exact probability values for each comparison are given on the upper diagonal. 
Abbreviations for geographic populations are defined in Materials and Methods ‘sampling’ sub-section. 
 Replicate runs of fastSTRUCTURE evaluating the possible values of K (1-5) 
yielded an optimal 𝐾𝜀
∗ of 2. Values of 𝐾∅∁
∗ , on another hand, fluctuated from 1 to 5 with 
no clear mode in the obtained distribution, thus a model complexity of 2 was selected for 
the final fastSTRUCTURE run. Samples of northern red snapper (northern Gulf of 
Mexico and U.S. East Coast) were all assigned to one population cluster (model 
component K1, displayed in blue on Figure 4); Q-values of K1 averaged 0.99 over all 
northern Gulf of Mexico individuals. Samples of southern red snapper (FG locality) all 
showed ancestry into the second population cluster (K2), shown in green on Figure 4 with 
Q-values averaging 87%.  
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Figure 4. Individual ancestry bar plot 
Bar chart illustrating the results of Bayesian clustering in fastSTRUCTURE applied to L. campechanus individuals sampled from 4 
U.S. populations and L. purpureus from French Guiana. Each vertical bar represents the proportion of ancestry to the two inferred 
clusters (cluster K1 in blue, K2 in green) in a sampled individual. 
Detection of Putative Outlier Loci and Genomic Regions 
Single locus outlier analysis in BayeScan yielded a total of 42 outlier loci 
showing significant positive  values indicative of divergent selection. Most of the 
outlier loci were found during pairwise comparisons involving southern red snapper and 
northern red snapper. A small fraction (11.9%, 5 loci) of the outliers were detected only 
during pairwise comparisons involving northern red snapper populations. Twelve of the 
outlier loci could be mapped on the draft reference genome. Because most of the outliers 
could not be located on the draft genome, further analysis focused on the detection of 
candidate regions of the genome undergoing divergent selection via sliding window 
analysis. 
Gaussian-smoothed average FST values of markers in 3 cM sliding windows were 
compared to the distribution of average FST obtained from sets of loci randomly sampled 
from the red snapper genome, revealing a total of 224 regions showing significantly high 
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FST during pairwise comparisons involving southern red snapper and northern red 
snapper locations. A total of 146 windows were significantly divergent across all 4 
pairwise comparisons. While significant windows were found in all linkage groups, they 
were concentrated on specific portions of each linkage group (Figure 5). 
 
Figure 5. Sliding window analysis plot of pairwise comparisons among southern and 
northern red snapper populations 
Graph illustrating the location on the 24 red snapper LGs of the genomic regions displaying significantly high average FST estimates 
(greater than the 95th quantile of the null distribution). Comparisons between northern (TX, AL, FL and SC) and southern (FG) red 
snapper localities are shown. A 4-color gradient was applied to denote the number of significant comparisons found at each window. 
A total of 467 sliding windows showed significantly high average FST during 
pairwise comparisons involving northern red snapper (U.S.) populations. Over half of 
these windows (316, 67.7%) displayed significantly high FST in only 1 or 2 of the 6 
pairwise comparisons. A total of 150 windows were significant in 3 or more comparisons 
and just one of those was significant across all 6 possible comparisons of northern 
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populations. Divergent regions were distributed genome-wide, but were found to cluster 
within linkage groups (Figure 6).  
 
 
A 
B 
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Figure 6. Sliding window analysis plot of pairwise comparisons among northern red 
snapper populations 
(A) Plot depicting the genomic location of regions displaying significantly high average FST estimates (greater than the 95th quantile 
of the null distribution) on the 24 red snapper LGs. Only comparisons among northern (TX, AL, FL and SC) red snapper localities are 
shown. The 6-color gradient signifies the number of significant comparisons found at each window. (B) Identical plot as shown in A, 
with regions significant in fewer than 3 comparisons removed. 
Principal component analysis (Figure 7) and Bayesian clustering (data not shown) based 
on loci found in the significant sliding windows did not reveal a clear geographic pattern 
of population structure.  
 
Figure 7. Principal component analysis of SNPs occurring in significantly divergent 
sliding windows 
Principal component analysis graph (principal components 1 and 2, explaining 12.9% of the total variance) separating samples from 4 
geographic populations of northern red snapper based on SNP loci located in sliding windows showing significantly higher divergence 
than the average genome-wide FST in 3 or more comparisons. 
 Among pairwise comparisons of U.S. localities, average FST values within 
significant windows ranged from 0.0032 to 0.060 and averaged (across all significant 
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windows) 0.013. Accordingly, the FST of a majority (86.7%, 405 windows) of the 
significant windows were very low (< 0.019, Figure 8). 
 
Figure 8. Frequency distribution of average FST values within significant windows  
Significantly divergent windows were identified during comparisons of 4 U.S. regional populations (TX, AL, FL and SC). 
Effective Population Size 
Estimates of effective population size by the LD approach employed 1,680 SNPs 
placed on the red snapper linkage map. Removing comparisons between SNPs occurring 
on the same linkage group resulted in an average of 669,554.8 pairs of loci available to 
generate estimates per population (range: 642,474-704,637). Estimates of Ne were finite 
in all localities, ranging from 221.4 in FG to 9,315.0 in AL (Table 4). All estimates from 
northern populations were significantly larger than the estimate obtained for the FG 
population based on 95% CI. Among the northern red snapper populations, the estimates 
for the AL and FL localities were significantly larger than those obtained for TX and SC 
(Table 4) with pairwise differences exceeding one order of magnitude in most cases (TX 
versus AL and FL, SC versus AL) and exceeding five-fold for the remaining comparison 
(SC versus FL). 
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Table 4  
Effective population size estimates 
Locality Ne   5% 95% 
FG 221.4 209.7 234.5 
TX 394.3 359.6 436.0 
AL 9315.0 3070.1 Infinite 
FL 5595.9 2312.0 Infinite 
SC 943.4 755.2 1254.1 
 
Estimates of effective population size by the Linkage Disequilibrium method and 95% confidence intervals for each locality. 
Abbreviations for sampling localities are defined in Materials and Methods ‘sampling’ section. 
Discussion 
In this work, the ddRAD sequencing technology was applied to generate high-
resolution genome scans consisting of over 6 k SNPs in samples from 4 geographic 
populations of northern red snapper (L. campechanus) and one population of southern red 
snapper (L. purpureus). The SNP dataset was anchored to the linkage map produced in 
Chapter III of this work, allowing both neutral and adaptive sources of genetic variation 
to be investigated and the effective size of regional populations to be estimated by the 
linkage disequilibrium method. 
Genetic Divergence of Southern Red Snapper (L. purpureus) and Northern Red Snapper 
(L. campechanus) 
Though taxonomically classified as two distinct species, L. campechanus and L. 
purpureus only differ by only a few meristic characters that overlap in range (Allen, 
1985; Cervigón, 1993; Moran, 1988; Rivas, 1966). The only genetic studies comparing 
the two groups to date employed sequences of the control region of mitochondrial DNA 
and provided no evidence of mitochondrial DNA lineage sorting, though substantial 
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differences in haplotypes frequencies were observed (CT = 0.176, Gomes et al., 2008, 
2012).   
The present study provides an additional perspective on the status of the southern 
and northern red snapper through the genome-wide comparison that could be conducted 
during analysis of high-density genome scans. The results confirm that southern red 
snapper diverge substantially from northern red snapper, with FST values between the two 
groups exceeding 0.188. This estimate is much larger (two to three orders of magnitude) 
than FST estimates obtained previously for northern red snapper and other lutjanids in the 
Gulf of Mexico and upper Caribbean regions (e.g. red snapper: Gold and Saillant, 2007; 
Hollenbeck et al., 2015; this study; grey snapper: Gold et al., 2009; lane snapper: Gold et 
al., 2011; yellowtail snapper: Saillant et al., 2012) and indicates that gene flow between 
the two red snapper groups is restricted. Isolation by distance was previously evidenced 
in northern red snapper based on the observation of a significant positive spatial 
autocorrelation of samples located within a 100 km window (Saillant et al., 2010). This 
structuring mechanism could account for the divergence between the southern and 
northern red snapper samples considering that the distance between the French Guiana 
sampling locality and each of the 4 northern red snapper sampled populations was on 
average 5,200 km. The hypothesis of a simple isolation by distance effect explaining the 
high FST between southern and northern red snapper is however unlikely considering the 
lack of divergence between the TX and SC samples despite of a ~3,000 km distance 
between these two localities (i.e. more than half the distance between U.S. locations and 
French Guiana). While isolation by distance cannot be ruled out, this hypothesis is 
difficult to formally evaluate as it would require genotyping intermediate samples in the 
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Caribbean region (i.e. between French Guiana and the U.S.). Both L. campechanus and L. 
purpureus appear to be very uncommon in the Caribbean region and queries to fisheries 
management agencies from several Caribbean countries including Panama, Belize, 
Venezuela, La Martinique, and Puerto Rico during the course of this project in an attempt 
to obtain samples of either species were unsuccessful because red snapper did not appear 
in fisheries landings. A gap in the distribution of both taxa (e.g. due to lack of suitable 
habitats) may thus occur and constitute a barrier to gene flow effectively isolating 
northern and southern red snapper.  
Despite the lack of significant adult (spawning) populations in the central 
Caribbean, southern red snapper larvae could be connected to northern red snapper 
populations through the passive dispersal of eggs and larvae if eggs spawned near French 
Guiana are entrained in the Caribbean current. This current extends north as the Loop 
current, before becoming the Florida current and finally the Gulf Stream and could 
potentially bring southern red snapper larvae to U.S. populations of the Gulf of Mexico, 
or even reach those on the East Coast of the U.S. However, the time required for this 
transfer likely exceeds the duration of the red snapper pelagic phase (hypothesized to last 
at most 30 days post-hatch, Rooker et al., 2004). Accordingly, the rate of successful 
genetic exchange between southern and northern red snapper populations would be 
expected to be at best very low. The hypothesis that the two groups are currently 
exchanging few or no migrants is further supported by the results of Bayesian clustering. 
In this analysis, two distinct clusters were identified within the dataset, corresponding to 
northern and southern red snapper samples. No individuals with mixed ancestry were 
observed and no individuals of southern red snapper ancestry were found among the 
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northern red snapper samples (no individual of northern red snapper ancestry was found 
among the samples from French Guiana, either). While this inference would need to be 
confirmed with larger sample sizes and repeated temporal sampling, these results 
tentatively suggest a complete lack of current gene flow between the two groups. The 
estimate of FST is relatively low considering the lack of gene flow between the two taxa 
hypothesized above, but this value may reflect a non-equilibrium situation that would 
occur if southern and northern red snapper became isolated recently and there has not 
been sufficient time for genetic differences to accumulate. The hypothesis of a relatively 
recent isolation is consistent with the findings of Gomes et al. (2012) who reported 
significant divergence (AMOVA F/ ФCT estimates of up to 0.236) at mitochondrial DNA 
but found no lineage sorting. Mitochondrial DNA haplotypes of the red snapper 
generated by Pruett et al. (2005) were structured according to a star-like phylogeny. This 
phylogeny is typical of an expanding population (Rogers et al., 1996) and was proposed 
to reflect recolonization of habitats at the end of the last glacial epoch in the northern red 
snapper (Pruett et al., 2005). The lack of sorting of haplotypes between southern and 
northern red snapper suggests that isolation of the two groups may have occurred at the 
same time or later, a hypothesis that could be further explored in a coalescent framework 
(e.g. the isolation with migration model of Sethuraman and Hey, 2016).   
Gaussian-smoothed moving averages of FST generated from SNPs placed on the 
red snapper linkage map identified 146 significantly divergent genomic regions shared 
across all pairwise comparisons of northern and southern red snapper samples. These 
divergent windows may harbor genes (or polymorphisms regulating genes) involved in 
processes of local adaptation to population-specific differences in environmental 
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conditions and/or fishing pressures. The occurrence of local genetic adaptation is one of 
the main criteria used to define evolutionary significant units and distinct population 
segments (USFWS and NOAA, 1996; Waples, 1991). Thus, the detection of significant 
divergent genomic regions in this study suggests that L. campechanus and L. purpureus 
should be treated as distinct population segments or evolutionary significant units at the 
minimum. Gomes et al. (2012) suggested regrouping northern and southern red snapper 
as a single species based on a lack of phylogeographic structuring at mitochondrial DNA 
haplotypes. Such a revision of taxonomic status, if it occurs, will need to consider the 
unique (including potentially adaptive) genetic characteristics of southern and northern 
red snapper and, if confirmed, the total lack of current gene flow between the two groups 
as discussed above.  
Variation among Northern Red Snapper Regional Populations 
Stock structure of northern red snapper has been studied extensively during the 
past few decades, with most of the recent works involving microsatellite markers. Results 
of these studies indicated genetic homogeneity among regions and a weak pattern of 
isolation by distance (Gold and Saillant, 2007; Hollenbeck et al., 2015b; Saillant et al., 
2010). Although some movements of adult red snapper are reported (Patterson et al., 
2001), the species is assumed to be mostly sedentary once juveniles settle on benthic 
habitats (Burns et al., 2004, 2008; Fable, 1980; Szedlmayer, 1997; Szedlmayer and 
Shipp, 1994). Dispersal is therefore hypothesized to result primarily from the 
hydrodynamic transport of pelagic eggs and larvae, leading to connectivity among 
populations within approximately 100 km or less in most cases (Johnson et al., 2009; 
Saillant et al., 2010). Differences among geographic stocks have been reported for 
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several life history traits (Fischer et al., 2004; Kulaw, 2012; Woods et al., 2003) and 
larval drift models suggest reduced connectivity between the eastern and western Gulf 
(Johnson et al., 2009). The deployment of genomic scans provided increased power for 
the detection of subtle genetic differences among northern red snapper geographic stocks 
by allowing the identification of genomic regions potentially under selection. Little 
evidence of divergence among geographic populations within the northern Gulf of 
Mexico and the U.S. East Coast could be found, consistent with previous studies based 
on microsatellites and mitochondrial DNA. Mantel tests failed to reveal the isolation by 
distance pattern previously detected in red snapper by Saillant et al. (2010). The lack of a 
significant isolation by distance effect could reflect the sampling design implemented in 
this study; four regional populations were sampled, potentially leading to a low power to 
detect the weak association expected between genetic and geographic differences. The 
geographic distance between sampled populations was also far greater than the 100 km 
window of spatial autocorrelation detected by Saillant et al. (2010) and may have 
exceeded the range of distances compatible with assessment of the isolation by distance 
pattern (Robledo-Arnuncio and Rousset, 2010; Rousset, 1997). The aim of this sampling 
strategy was to identify potential regions of the genome undergoing divergent selection in 
different geographical localities (in connection with reported life history or habitat 
differences as discussed above). Of specific interest was whether there was evidence of 
outlier loci indicative of divergent selection and local adaptation among regional (U.S.) 
populations. The outlier analysis conducted based on individual loci in BayeScan 
revealed 42 candidate loci putatively undergoing divergent selection, only 5 of which 
were identified in U.S. populations alone. Given the high incidence of false positives 
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identified during outlier tests (Lotterhos and Whitlock, 2014) and the lack of outliers 
mapped to the draft genome, the inference of divergent selection in this work focused on 
the sliding window analysis. A total of 467 significant sliding windows were detected. 
The significant windows were broadly distributed across the genome, with all linkage 
groups carrying one or more candidate regions. A majority of windows (316) only 
displayed significantly high FST during 1 or 2 of the 6 pairwise comparisons between 
geographic samples and possibly reflect artifacts as local adaptation differentiating one or 
two of the sampled populations would be expected to result in at least 3 significant 
outcomes. Multivariate analyses (Principal Component analysis and Bayesian clustering) 
based on SNPs within divergent sliding windows did not reveal a clear pattern of 
population structure involving all or subsets of the genomic regions. The lack of apparent 
structure may also reflect the low level of divergence among regions at the outlier sliding 
windows (average FST estimates involving significant pairwise comparisons at the 
divergent windows was 0.013 and 86.7% of the divergent windows involved FST less than 
0.020). Further examination of the potential role of these genomic regions in shaping the 
structure of red snapper is warranted and could be achieved by monitoring the temporal 
stability of the patterns of divergence observed in the present study and studying the 
correlation between genomic divergence and reported phenotypic differences among 
stocks. Tentatively, however, the outcome of multivariate analyses conducted based on 
the present dataset suggests that the role of local genetic adaptation in shaping red 
snapper populations in U.S. waters is limited.  
A direct consequence of this finding for red snapper management is that the 
demographic connectivity resulting from dispersal should be the primary criterion for the 
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delineation of spatial units for aquaculture stocking operations and fisheries conservation. 
Previous studies based on microsatellites suggested that the spatial scale of connectivity 
was on the order of 100 km or so (Saillant et al., 2010). Additional sampling and 
characterization of the isolation by distance relationship in red snapper would be useful in 
order to estimate dispersal parameters based on genetic data within the different sub-
regions and delineate geographic areas that can be stocked with offspring from a given 
broodstock. The development of a high-throughput assay for characterization of neutral 
and selected SNPs detected in this work is therefore needed for future research of red 
snapper in the Gulf of Mexico. 
Effective Population Size 
Estimates of Ne varied widely across localities (range: 221.4-9,315.0). The 
estimate for French Guiana (221.4) was much smaller than those obtained for U.S. 
regional populations (range: 394.3-9,315.0, mean: 4,062.2) and this difference was 
significant based on 95% confidence intervals. Though all samples included mixed 
cohorts, which is expected to result in lower estimates of Ne in most cases (Waples and 
Antao, 2014), the large difference between southern and northern red snapper populations 
can be tentatively interpreted as the occurrence of a much larger demographic assemblage 
of red snapper in the northern population compared to the southern stock. A small size of 
the southern red snapper stock would explain a rapid divergence of this population due to 
increased genetic drift, consistent with the hypothesis of a recent isolation discussed 
above. Point estimates obtained for northern red snapper were finite and similar in range 
to those obtained by Saillant and Gold (2006) using the temporal method and 
microsatellite data. The comparison of estimates obtained for the 4 regions indicated a 
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significantly larger population size in the eastern Gulf (AL and FL populations) with 
estimates at least one order of magnitude smaller in TX and five-fold smaller in South 
Carolina. In a continuous metapopulation, such as the one formed by red snapper in the 
Gulf of Mexico and South Atlantic regions, estimates of Ne by the linkage disequilibrium 
based on geographically proximal samples reflect the size of the neighborhood (Neel et 
al., 2013). The overall genetic size of red snapper in the region could therefore be large if 
the spatial scale of effective dispersal is small (i.e. if there are several neighborhoods in 
the Gulf). This question will need to be assessed during future work characterizing the 
isolation by distance model and estimating dispersal distribution parameters as discussed 
above. Tentatively, the differences between the western and eastern Gulf localities and 
between the SC and eastern Gulf localities suggest that neighborhood sizes differ among 
regions, a finding that could reflect differences in population density and/or differences in 
dispersal parameters. One focus for future research is to generate unbiased estimates 
based on single cohorts and examine temporal stability of these demographic differences 
among regional populations. The large genome scans used in this study suggest finite 
values may be obtained even when Ne is relatively large. Implementing these genomic 
scans on multiple cohorts, geographic stocks and large sample sizes may however prove 
challenging. 
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CHAPTER V – CONCLUSIONS AND PERSPECTIVES 
 The first objective of this work was to develop genomic resources for a non-
model species candidate for marine aquaculture in the U.S., the red snapper Lutjanus 
campechanus. A high-density linkage map was generated in conjunction with a draft 
genome sequence, representing to our knowledge the first genomic resources produced 
for a lutjanid fish. Integrating the two resources yielded a powerful tool that can serve as 
a framework for the detection of neutral and adaptive variation among regional 
populations in support of the spatial management of red snapper. This tool will be 
available for expanding the draft to a full reference genome for this species and for the 
development of future domestication and breeding programs. The high-density linkage 
map will be critical for the identification of Quantitative Trait Loci associated with 
characters of economic importance and the implementation of marker-assisted selection 
in aquaculture.  
The draft genome remains fragmented in its current state, due in part to the use of 
short sequencing reads. The incorporation of long single molecule sequences, now 
available via SMRT sequencing (Pacific Biosciences), is needed in order to bridge 
genomic gaps and reduce the number of contigs and scaffolds included in the next 
iteration of the red snapper genome assembly. Anchoring genome contigs to the linkage 
map yielded a reference that will allow new polymorphisms discovered during future 
population genomic surveys or during QTL experiments to be mapped directly onto red 
snapper linkage groups. This strategy will become very effective once the number of 
contigs is reduced and the majority of the sequence is anchored to the linkage map as 
discussed above. Nevertheless, exploitation of the current draft genome sequence and 
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linkage map has already led to the identification of candidate genomic regions potentially 
undergoing divergent selection between southern and northern red snapper and/or among 
regional populations of the northern red snapper. Thus, further short term exploitation of 
this work will be the monitoring of these genomic regions in wild and captive 
populations. Because large numbers of samples will need to be surveyed in order to study 
temporal stability of genetic patterns and fine-scale spatial genetic variation, the 
development of a cost-effective high-throughput assay for these genomic regions is 
warranted. To meet this objective, a panel of SNPs including loci characterizing neutral 
regions within each linkage group as well as outlier regions putatively experiencing 
divergent selection is currently being developed using the findings of this study. 
  The second objective of this work was to apply high-resolution genome scans to 
evaluate the fine-scale population structure of red snapper, supporting the development of 
spatial management plans. Samples of northern red snapper (L. campechanus) from 4 
localities were surveyed to characterize neutral and adaptive genetic variation among 
regional populations showing evidence of reduced connectivity and/or differences in life 
history traits. Southern red snapper (L. purpureus) individuals were also assayed in order 
to assess the possible impact of gene flow from the lower Caribbean on genetic variation 
in U.S. stocks. No evidence of connectivity was found between northern and southern red 
snapper and multiple candidate genomic regions potentially under selection were 
identified during sliding window analyses conducted using SNPs placed on the linkage 
map. The lack of gene flow between the two populations and the hypothesized 
occurrence of local adaptation suggests that L. campechanus and L. purpureus should, at 
minimum, be treated as distinct population segments. This conclusion is slightly different 
 77 
from that of Gomes et al. (2012) who suggested regrouping northern and southern red 
snapper as a single species based on a lack of phylogeographic structure at mitochondrial 
DNA haplotypes. Combining the results of Gomes et al. (2012) with those of the present 
study leads to the hypothesis that the two taxa recently became isolated, possibly 
following the most recent glacial retreat that occurred at the end of the Pleistocene epoch. 
The level of gene flow between southern and northern red snapper should be confirmed 
through expanded sampling during future studies and the hypothesis of complete 
isolation without residual migration between the two groups should be formally tested. 
Further investigation on the mechanisms of divergent selection impacting the candidate 
regions identified during sliding window analyses would also be useful to understand the 
evolutionary history of the two species.  
 Genetic homogeneity at neutral loci was inferred across localities within U.S. 
waters, a finding consistent with previous studies of northern red snapper. Though 
divergent genomic regions were detected during comparisons of U.S. localities using the 
sliding window analysis described above, the SNPs contained in these regions did not 
reveal a clear structuring pattern, possibly in part due to the low levels of divergence 
present at even the outlier SNPs. Given the lack of structure found in this work, the future 
delineation of management units in this region should focus primarily on the dispersal 
capabilities of red snapper. Additional research is therefore needed to better describe 
dispersal parameters and define demographically independent areas.  
 This work illustrates the value of high-throughput genotyping by sequencing 
technologies when used in conjunction with the genomic resources developed in Chapter 
III. The approach taken in this project allows assessing comprehensively genetic variation 
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in a non-model species, such as the red snapper, as needed to develop sustainable genetic 
management of cultured and wild populations during stock enhancement or 
domestication. The strategy employed in this work therefore provides a framework for 
the development of a reference methodology for the study of cryptic marine species 
under consideration for aquaculture and stock enhancement. 
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APPENDIX A – Supplementary Materials 
Table A1. Table A1. Characteristics of 84 microsatellite markers developed for red snapper 
Locus 
Repeat 
Motif 
Primer Sequence 5'-3' (fluorescent label) 
Ta 
(°C) 
A 
Allele 
Size 
Range 
Ho/He PHW n 
RS27 CA F:  CCTGGCACCAGTAAACACAC (HEX) 60 19 156-192 0.800/ 0.921 0.0927 30 
  
R:  ATTAGAGCGCTGGCATGAGT 
      RS38 CA F:  ACTCGCTCCAATCAAAGCTC (HEX) 58 26 160-236 0.933/ 0.960 0.4232 30 
  
R:  AACTGCACATCATGGCTCTG 
      RS63 CA F:  ATCAGCTGGTTTTGGTCCAG (HEX) 54 22 111-173 1.000/ 0.960 0.7246 30 
  
R:  CAGGAGGAGGTGATCAGAGTG 
      RS64 GA F:  ACACAGAGCCGACGCTTAAC (HEX) 52 19 112-162 0.828/ 0.940 0.2648 29 
  
R:  TCATGTCAGAGTGAACCTGTAGC 
      RS72 GT F:  AACAGTGCAGATGGACGACA (HEX) 62 9 234-258 0.867/ 0.773 0.6628 30 
  
R:  GCTGAAGCTGTGAAGCGTAG 
      RS106 CA F:  CTCCAACCTGCACTCATGTC (HEX) 56 14 267-313 0.867/ 0.894 0.3904 30 
  
R:  AGGCAGGTCGAAAGAGACAG 
      RS117 CA F:  AGCTAATCCAATCGGAGCAC (FAM) 52 9 106-124 0.833/ 0.793 0.5668 30 
  
R:  GGTGACAGTCTGACTCCAAGG 
      RS139 CA F:  TTTGCTAACCTGCCATTTCA (HEX) 56 16 177-217 0.700/ 0.836 0.0766 30 
  
R:  CAGATCACAGAGGCTGAGAGG 
      RS173 CA F:  TGGTATGGTCACAACGAACG (FAM) 58 16 179-233 0.867/ 0.917 0.6632 30 
  
R:  GTTGGCTCGTTCTCGAATGT 
      RS182 CT F:  GAGATGCATCAGCCAATCAG (HEX) 52 22 201-265 0.933/ 0.955 0.6332 30 
  
R:  GACCGAATTCAGGACCTTCA 
      RS201 CA F:  TCAAGGTCCACACCTGTTCA (HEX) 58 8 243-281 0.414/ 0.466 0.2274 29 
  
R:  CAGTTCTCTGAGGCAAAGTCG 
      RS202 GT F:  ACTGCTGCATTCCTCCACTT (HEX) 56 16 191-219 0.897/ 0.933 0.5767 29 
  
R:  CAGCAGAAATGACAGGAGAGG 
      RS206 CT F:  GCGCTCACAGATTACCTGCT (FAM) 60 24 272-322 0.967/ 0.953 0.6761 30 
  
R:  TGTCCGAGCTCCTTCTTCTT 
      RS208 CA F:  CCTCCTCCTTCCTTTTCTCC (FAM) 62 16 224-260 0.667/ 0.905 0.0059 30 
  
R:  TGCACACAAGAGTCACAGACTT 
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RS209 GT F:  CTCCAGGCACCTCGGTTT (HEX) 54 16 155-191 0.967/ 0.886 0.5677 30 
  
R:  ACAGATCCTCCGAGCAGAGA 
      RS212 GT F:  CATGTTGCCTTCATGTCCTG (FAM) 60 16 135-171 1.000/ 0.935 0.6446 30 
  
R:  GAGTGACAGCGAACATCACC 
      RS213 GT F:  AAACACAAGCGCACAAACAG (HEX) 54 19 166-216 0.867/ 0.919 0.1501 30 
  
R:  CCTATCATTGCTCTCGATGTCA 
      RS216 CA F:  ACACGCACACTGAGATGGAC (FAM) 62 19 174-242 0.833/ 0.930 0.1575 30 
  
R:  AGGACAGGAAGAAGGCTGTG 
      RS217 GT F:  TGTCAATAGTGCAGACAGACACTG (FAM) 62 18 225-271 0.867/ 0.914 0.8233 30 
  
R:  TGACTACATGTTCACGCATCTG 
      RS221 GT F:  GCTGCAGGTTACTGGTGATG (FAM) 62 10 146-166 0.867/ 0.831 0.8001 30 
  
R:  CTCGCAGTGGTAGATGCAAA 
      RS222 CA F:  CCAGACTGTGTGTGCATCCT (FAM) 52 22 168-212 1.000/ 0.945 0.3899 30 
  
R:  ATGATGGAGCCATGCAGATT 
      RS224 CA F:  TCACCAGAAAACCACACCAG (FAM) 60 8 230-250 0.750/ 0.773 0.2146 28 
  
R:  TGGCCACATCGTATCGTAAA 
      RS227 CA F:  CCGCTGCTGTTATTATGTTGG (FAM) 54 17 201-233 0.967/ 0.909 0.9630 30 
  
R:  TTTGCCTCTCGAGTAAAGTACAC 
      RS229 GT F:  TCATCCAGCAGATGTGTTTT (HEX) 58 8 132-154 0.767/ 0.763 0.5091 30 
  
R:  CACCTCGTTGTTCACGTGT 
      RS230 GT F:  TTCCTGGAGGATTAGCAGGTT (HEX) 56 9 226-242 0.700/ 0.805 0.7318 30 
  
R:  TTACTGCTGCTGCTGATTCG 
      RS231 GT F:  CATGCAATGCAAGGAGAAAG (FAM) 58 19 176-232 0.867/ 0.894 0.2374 30 
  
R:  TTTGCATGTGCAGGATCATT 
      RS235 GT F:  CAGGTGTCGCAGAGGTCTAA (HEX) 62 16 239-271 0.867/ 0.919 0.9099 30 
  
R:  TTATGGCTTTCTTGCATGTC 
      RS236 GT F:  TGCATTGCCTAGAACAGTGTG (HEX) 62 13 138-190 0.867/ 0.835 0.8740 30 
  
R:  CACCTCACCGCACTACGTTT 
      RS239 GT F:  CGACTGAGTGATGGAGAGCA (HEX) 52 13 186-230 0.833/ 0.842 0.6415 30 
  
R:  CCTTGACCACTGTCTGATGC 
      RS240 GT F:  TCGATCTGTTTGTGCTTTGG (NED) 52 27 187-279 0.933/ 0.962 0.4239 30 
  
R:  AACCAACCTTGATAGGCAGAT 
      RS243 GT F:  GCTCGTCTGATGTGATCCAA (HEX) 62 13 221-247 0.867/ 0.884 0.7431 30 
  
R:  ACCACTCATCTGGCAAAACC 
      RS244 GT F:  GCAGGTCGATGAGATTACCC (HEX) 56 23 184-264 0.967/ 0.950 0.9074 30 
  
R:  GAAAGTCGAGCTCCTGCATC 
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RS246 GT F:  CAGACAGAACATGCGGCTTA (HEX) 62 13 223-275 0.700/ 0.833 0.0692 30 
  
R:  TTTGCAGAGAACCACATGGA 
      RS248 GT F:  CGGCTGTTAATTGGTGCTAC (HEX) 52 18 100-148 1.000/ 0.937 0.9171 30 
  
R:  GACAGCTGCTTCCACCTATG 
      RS255 GT F:  TGTAGTCAGTGGAAGGTCCTCAT (HEX) 54 20 120-200 0.700/ 0.847 0.0064 30 
  
R:  CCTGCCAAATTCTGTTAAGTG 
      RS258 GT F:  CCACATATGCATTTGGACACTT (HEX) 60 17 276-324 0.867/ 0.851 0.1938 30 
  
R:  GCAATTTGCCTCACAGGAGT 
      RS268 GT F:  TGGTATTTGTGCAGGATGGA (FAM) 52 17 297-335 1.000/ 0.942 0.9665 30 
  
R:  CTCGTGCACTCATTCACCT 
      RS271 GT F:  TGCACACATGGTCTGAAACA (HEX) 52 26 165-221 0.933/ 0.960 0.7704 30 
  
R:  AGCATCTGGCAGAGAACAGC 
      RS272 GT F:  TGGGAGCTGGATTGGTAAAC (HEX) 54 9 187-205 0.833/ 0.801 0.7263 30 
  
R:  CAGCTCTGCCACCACAAATA 
      RS298 GT F:  CATCTGTCAAACTGAGGCATCT (FAM) 58 19 207-253 0.900/ 0.892 0.9515 30 
  
R:  CGGCAGTGACTTTTCAGACA 
      RS299 GT F:  TGTCTCCAAACGTCCAGATG (HEX) 54 16 188-232 0.567/ 0.912 0.0000 30 
  
R:  GCAGCTGCTTACAGCTCGTT 
      RS300 GT F:  GGCAGTGTGCTGCTTTATCA (FAM) 60 15 267-301 0.867/ 0.892 0.7218 30 
  
R:  AGATGCACACAAGTGATGCTG 
      RS301 GT F:  CAACAGTATTTGTGGAACCATGAC (HEX) 60 20 98-160 0.862/ 0.950 0.0985 29 
  
R:  ATGTTCGTCCTGCCTGAGTG 
      RS306 GT F:  CGATTCTTCCTCAGCAATGG (FAM) 52 10 223-243 0.828/ 0.784 0.9707 29 
  
R:  GTGCTGCGGTGTGTATTTGA 
      RS311 GT F:  GGACAGCATCACAAAGCAGA (FAM) 60 21 222-276 0.967/ 0.930 0.9623 30 
  
R:  CTGCCTCTTCTGTACCAACAAA 
      RS312 GT F:  CAGGAGTAAGCCTGGAGGAA (FAM) 54 18 217-261 1.000/ 0.937 0.5874 30 
  
R:  GGTTTATCAAAGACCGCGAAT 
      RS314 GT F:  GCAGATTTCTGCACCAGTTT (FAM) 62 16 192-232 0.900/ 0.827 0.8656 30 
  
R:  TGTTCATGCAGCTGTTTTACG 
      RS315 GT F:  AGTGAGGAGCATCTGGAGACA (FAM) 52 16 180-216 0.833/ 0.811 0.8265 30 
  
R:  GACAGGTTCATAAGGAGATTTCAG 
      RS316 GT F:  TGCACTGAACAAAGTGAAGACA (FAM) 56 19 130-182 0.867/ 0.939 0.2999 30 
  
R:  AGCTGGTCACTCAGGTCCAT 
      RS317 GT F:  GGCAGTGAACCAGCTCCTTAT (FAM) 54 24 217-275 0.933/ 0.953 0.0284 30 
  
R:  CAGACCGCTGCTTCTTTCTC 
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RS318 GT F:  GCTGCAGACCTTTTATAGAACCA (NED) 56 30 228-300 1.000/ 0.967 1.0000 30 
  
R:  CAGGCATGTCAGCTGTTCAC 
      RS319 GT F:  CCTGCCTGAACGTATGTCG (FAM) 58 9 103-145 0.767/ 0.732 0.9648 30 
  
R:  AGCGGCAGACTGAACACAC 
      RS321 GT F:  CAGAGGAGCAACACTTTGTCA (FAM) 54 13 172-198 0.933/ 0.851 0.8777 30 
  
R:  TCCAGCGGAAGTCATTCTCT 
      RS323 CA F:  GTACACTGCCAACGCACACT (FAM) 58 21 112-170 0.900/ 0.895 0.3529 30 
  
R:  ACGGCAACTAGCCAGAGGT 
      RS336 CA F:  CCAGCTGAACGCACACATAC (HEX) 62 12 152-182 0.833/ 0.818 0.6760 30 
  
R:  TCGCTCGCTCCAATCTAACT 
      RS339 CA F:  GCCACTATTCCAGGCGTAAA (FAM) 62 15 141-187 0.833/ 0.868 0.2197 30 
  
R:  CCATGTGATGCTCCTGAGAC 
      RS342 CA F:  CCGTCTTAACCGCACAATTT (HEX) 64 15 176-212 0.833/ 0.891 0.4193 30 
  
R:  TTGATAGCCACCCACATGAA 
      RS343 CA F:  CAGCCGCTGATAACACTGAT (HEX) 52 9 169-207 0.733/ 0.792 0.1728 30 
  
R:  CTGATGTGGGCCGATAGAAT 
      RS344 CA F:  CTGTCAGACGGTTTTAAGACGA (HEX) 52 17 142-196 0.733/ 0.793 0.0480 30 
  
R:  GCTGGAAGGTGTTGATGGAG 
      RS346 CA F:  TCACTGGCTGTAATGTGGAAA (HEX) 58 10 204-232 0.793/ 0.865 0.0896 29 
  
R:  ACGCTGCCACACAGTAAACA 
      RS349 CA F:  ACTCTGCTGCCACTCACCAT (HEX) 62 21 207-265 0.933/ 0.933 0.6739 30 
  
R:  ATTGAACCTCACCGATGTGC 
      RS350 CA F:  TCACTGCGGACAGAACAAAC (NED) 62 24 193-241 0.967/ 0.938 0.9541 30 
  
R:  CAGAGAGAGCAGCCAGTGTG 
      RS351 CA F:  CATCTGGGAGTGCCTCACTT (FAM) 54 12 90-142 0.767/ 0.757 0.5870 30 
  
R:  TCACTGTAACCAGCTCAGCTTT 
      RS358 CA F:  GTGCCACAGAATCAGAGCAT (NED) 52 18 189-227 0.933/ 0.904 0.8498 30 
  
R:  CAGTGTGCAGGGTTGTAACG 
      RS365 CA F:  ACGCTCAACGGCATTACTTT (FAM) 52 17 135-183 0.900/ 0.924 0.8461 30 
  
R:  TGCATCTGTGAGGCAAACTT 
      RS367 CA F:  GCTGTTAGAGGTTCGCAGGT (FAM) 52 9 201-219 0.767/ 0.834 0.5425 30 
  
R:  GCCTGTGGTTTCGCATTAGA 
      RS373 CA F:  GACCAGAACGTGCACAAACA (HEX) 54 8 248-290 0.667/ 0.731 0.1852 30 
  
R:  TGCACTGATTTCAGCATGAG 
      RS375 CA F:  CACATCCACCCAAACAAACA (HEX) 56 13 159-199 0.900/ 0.858 0.4341 30 
  
R:  GTTCGCCTGCATTAAGACAA 
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Specific annealing temperature (Ta), number of alleles (A), observed heterozygosity (Ho), expected heterozygosity (He), probability of departure from Hardy-Weinberg  
equilibrium (PHW); loci in bold show significant departure from Hardy-Weinberg equilibrium.
RS376 CA F:  GTGCGCATGTGTGTCTTGTC (HEX) 54 22 220-264 0.967/ 0.932 0.5639 30 
  
R:  AGTGGCCTCTGGTTAAGGTT 
      RS378 CA F:  TGGCTAATTGTTGCAGATCG (FAM) 52 7 297-379 0.567/ 0.590 0.1018 30 
  
R:  TTATAGCTGCCGTTCACATCC 
      RS380 GT F:  GGTGCTGCTGGATTGCTAA (HEX) 58 22 268-322 0.867/ 0.946 0.1473 30 
  
R:  CATGCAGTCCAATGTGCTCT 
      RS381 GT F:  TCAGCAGAATTGCATCTTGG (FAM) 56 18 146-184 0.900/ 0.931 0.4588 30 
  
R:  ACCAAGGTAACCACATCCAG 
      RS382 GT F:  GTCAATGGCAGCAGGAAAGT (FAM) 52 15 226-258 0.867/ 0.894 0.2510 30 
  
R:  CGTGCCTTAACGACACATGA 
      RS383 GT F:  CCACGTGTTATTCCAGATTTGT (FAM) 60 21 159-223 0.967/ 0.941 0.9621 30 
  
R:  TAGAGGTCGAGTGGCGAGAT 
      RS387 GT F:  GCATTTCAAAGTGCAGGTGT (FAM) 62 8 228-242 0.867/ 0.759 0.6271 30 
  
R:  CAGCTTGTCATTGTGGTCAGA 
      RS389 GT F:  TCCTCCTGTCTGTGTAGGCTTT (HEX) 52 17 274-310 1.000/ 0.934 0.3924 30 
  
R:  AGACGACTCCTGCCGATGAT 
      RS390 GT F:  CCACGGTTCATCGGTTTATT (FAM) 52 10 271-289 0.667/ 0.814 0.1105 30 
  
R:  AACACCTCAACGCCAAACTC 
      RS391 GT F:  TGCTGCGTGTGAACCTTTTA (HEX) 52 14 213-269 0.800/ 0.854 0.1891 30 
  
R:  CACGGCAATAGCAGCAGAT 
      RS393 GT F:  ACTGTAAGCTGCAGGCAATG (FAM) 52 12 280-310 0.900/ 0.885 0.8812 30 
  
R:  TGGCCAGATGAGTCAGGTAA 
      RS394 GT F:  GCAGACGGGACCTGAAGTAT (FAM) 52 12 140-170 0.833/ 0.719 0.8973 30 
  
R:  AAACACTGACCTGCATTGCT 
      RS396 CAT F:  TCCCAGGCTCAGGATAGAGA (HEX) 58 12 209-255 0.586/ 0.783 0.0026 29 
  
R:  ACAGCTCGCTTTCCTCCAT 
      RS397 GT F:  CATCCTGTGGCACTTCCTCT (FAM) 52 8 191-207 0.733/ 0.795 0.4324 30 
  
R:  AGTCAAGGTTCAGCTCAGCA 
      RS398 GT F:  TGCTGATTGCTTCTGATTGG (FAM) 52 17 191-237 0.900/ 0.888 0.0019 30 
  
R:  TCACATCCTCCTCACTGCT 
      RS399 GT F:  TCACACTTACGGCACGTCT (FAM) 62 13 129-167 0.800/ 0.867 0.7154 30 
    R:  TGCAAATTCTGAGGCCTAATC             
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Table A2. Characteristics of 22 multiplex panels optimized for red snapper 
Multiplex 
ID 
Locus 
Quantity 
(pmol) 
Fluorescent 
Label 
Allele Size 
Range 
Thermal 
Protocol 
Mix 1 RS64 2.85 HEX 112-162 56° 30sec 
 
RS117 2.55 6-FAM 106-124 54° 30sec 
 
RS182 2.65 HEX 201-265 52° 30sec 
Mix 2 RS221 2.50 6-FAM 146-166 60° 30sec 
 
RS246 2.60 HEX 223-275 
 
 
RS300 3.00 6-FAM 267-301 
 Mix 3 RS217 2.70 6-FAM 225-271 62° 30sec 
 
RS258 2.65 HEX 276-324 58° 30sec 
 
RS271 2.60 HEX 165-221 54° 30sec 
Mix 4 RS268 2.80 6-FAM 297-335 52° 30sec 
 
RS315 2.45 6-FAM 180-216 
 
 
RS391 2.60 HEX 213-269 
 Mix 5 RS222 2.45 6-FAM 168-212 62° 30sec 
 
RS344 2.60 HEX 142-196 
 
 
RS376 2.60 HEX 220-264 
 Mix 6 RS339 2.55 6-FAM 141-187 62° 30sec 
 
RS350 2.45 NED 193-241 
 
 
RS346 2.80 HEX 204-232 
 
 
RS387 2.45 6-FAM 228-242 
 Mix 7 RS72 2.40 HEX 234-258 62° 30sec 
 
RS213 2.55 HEX 166-216 
 
 
RS399 2.50 6-FAM 129-167 
 Mix 8 RS342 2.55 HEX 176-212 60° 30sec 
 
RS398 2.35 6-FAM 191-237 
 Mix 9 RS227 2.45 6-FAM 201-233 56° 30sec 
 
RS235 2.80 HEX 276-324 
 
 
RS381 2.65 6-FAM 146-184 
 Mix 10 RS336 2.60 HEX 152-182 62° 30sec 
 
RS349 2.35 HEX 207-265 
 Mix 11 RS312 2.55 6-FAM 217-261 58° 30sec 
 
RS351 2.45 6-FAM 90-142 
 
 
RS373 2.55 HEX 248-290 
 
 
RS375 2.55 HEX 159-199 
 Mix 12 RS299 2.70 HEX 188-232 60° 30sec 
 
RS383 2.40 6-FAM 159-223 56° 30sec 
     
52° 30sec 
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Multiplex 
ID 
Locus 
Quantity 
(pmol) 
Fluorescent 
Label 
Allele Size 
Range 
Thermal 
Protocol 
Mix 13 RS239 2.90 HEX 138-190 52° 30sec 
 
RS248 2.80 HEX 100-148 
 
 
RS317 2.60 6-FAM 217-275 
 
 
RS321 2.50 6-FAM 172-198 
 Mix 14 RS229 2.00 HEX 132-154 58° 30sec 
 
RS230 2.65 HEX 226-242 
 
 
RS298 2.65 6-FAM 207-253 
 
 
RS319 2.40 6-FAM 103-145 
 Mix 15 RS106 2.60 HEX 267-313 60° 30sec 
 
RS139 2.75 HEX 177-217 56° 30sec 
 
RS224 2.60 6-FAM 230-250 52° 30sec 
 
RS316 2.45 6-FAM 130-182 
 Mix 16 RS343 2.70 HEX 169-207 54° 30sec 
 
RS365 2.50 6-FAM 135-183 
 
 
RS367 2.40 6-FAM 201-219 
 
 
RS389 2.65 HEX 274-310 
 Mix 17 RS38 2.50 HEX 160-236 62° 30sec 
 
RS206 2.50 6-FAM 272-322 60° 30sec 
 
RS212 2.50 6-FAM 135-171 58° 30sec 
 
RS301 2.50 HEX 98-160 
 Mix 18 RS63 2.50 HEX 111-173 56° 30sec 
 
RS240 2.50 NED 187-279 54° 30sec 
 
RS382 2.50 6-FAM 226-258 52° 30sec 
 
RS393 2.50 6-FAM 280-310 
 Mix 19 RS272 2.50 HEX 187-205 56° 30sec 
 
RS394 2.50 6-FAM 140-170 54° 30sec 
 
RS396 2.50 HEX 209-255 52° 30sec 
Mix 20 RS209 2.50 HEX 155-191 60° 30sec 
 
RS323 2.50 6-FAM 112-170 56° 30sec 
 
RS358 2.50 NED 189-227 52° 30sec 
 
RS378 2.50 6-FAM 297-379 
 Mix 21 RS243 2.50 HEX 221-247 62° 30sec 
 
RS255 2.50 HEX 120-200 58° 30sec 
 
RS314 2.50 6-FAM 192-232 54° 30sec 
Mix 22 RS236 2.50 HEX 138-190 62° 30sec 
 
RS311 2.40 6-FAM 222-276 60° 30sec 
 
RS380 2.50 HEX 268-322 58° 30sec 
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Multiplex 
ID 
Locus 
Quantity 
(pmol) 
Fluorescent 
Label 
Allele Size 
Range 
Thermal 
Protocol 
Mix 23 LCA43 2.70 6-FAM 162-192 56° 30sec 
 
LCA20 2.00 6-FAM 203-223 53° 30sec 
 
PRS55 1.60 HEX 180-208 50° 30sec 
 
PRS248 1.00 NED 212-260 
 
 
PRS260 0.80 6-FAM 111-129 
 Mix 24 LCA64 3.12 HEX 151-181 54° 30sec 
 
PRS137 2.60 6-FAM 155-185 52° 30sec 
 
PRS221 2.20 HEX 220-266 50° 30sec 
 
PRS275 2.40 6-FAM 133-150 
 
 
PRS282 3.30 HEX 113-143 
 
 
PRS328 1.40 6-FAM 196-214 
 Mix 25* LCA22 1.50 6-FAM 228-258 56°-50.5° 
 
LCA91 2.00 6-FAM 130-144 50° 
 
LCA107 2.20 HEX 96-120 
   PRS333 1.40 HEX 156-157   
 
*Mix 25 follows the 'Touchdown I' thermal protocol described by Renshaw et al. (2006). 
Table A3. Genome sizes and percentages of repetitive DNA found in several teleosts 
  
Genome Size 
(Mb) 
Repetitive Elements 
(%) 
Danio rerio 1700 56.49 
Oryzias latipes 1000 33.7 
Gasterosteus aculeatus 675 14.21 
Tetraodon nigroviridis 385 7.13 
 
Genome sizes obtained from Volff (2005) and percentages of repetitive elements found in Gao et al. (2016). 
Table A4. Detailed red snapper linkage map* 
*This table is located in the supplementary files on the Aquila and ProQuest databases and it is on a CD-Rom attached inside the front 
cover of the paper copy of this thesis (the bound paper copy is located in the departmental library located at the USM Gulf Coast 
Research Laboratory, Ocean Springs, MS). 
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Figure A1. Contig splitting procedure 
(A) Contigs were split if the mapping positions of adjacent SNPs differed by a number of cM greater than the distance corresponding 
to the minimum detectable recombination fraction of the dataset (1.39 cM). Because the contig sequence located between two 
segregated SNPs could not be assigned unambiguously to either of the two new contigs, these portions were discarded from the 
assembly. (B) When SNPs located on the ends of a contig showed consistent mapping positions on the linkage map while intermediate 
SNPs mapped to a different locus, a possible assembly error affecting only the middle portion of an otherwise well-assembled contig 
was inferred. Such errors would force the separation of physically linked markers, resulting in the loss of valuable information. To 
preserve this information, map distances between SNPs from the two daughter contigs resulting from a newly split contig were 
calculated. If the distance in cM did not exceed the above precision value, the sequences of the two daughter contigs were 
concatenated with a string of 20 Ns, forming a ‘mini-scaffold.’ New contigs and mini-scaffolds larger than 199 bp were included in 
the final draft genome. 
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Figure A2. A linear regression of teleost genome sizes and the proportion of each genome 
consisting of repetitive regions 
The data used in this graph are shown in Appendix Table A3. The high coefficient of determination (0.983) indicates the two variables 
are strongly correlated. 
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